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Abstract 
Fiber reinforced polymer matrix composites (PMC) possess outstanding structural properties, 
including high strength and stiffness, low weight, long fatigue life, and excellent manufacturability of 
complex geometries. However, their application is still limited where high temperature service is 
required, including during high-speed flight, in engine exhaust systems, or as support for electronics. The 
polymer matrix suffers reduced structural performance, cracking, creep, mass loss, and even thermal 
degradation at elevated temperatures. Furthermore, most polymer matrices are flammable and combustion 
may occur if temperatures rise high enough. Maximum service temperature is typically set by glass 
transition temperature (Tg) and for typical aerospace grade epoxies are approximately 150-200 °C, while 
even the best high temperature structural polymers are typically below 300 °C. Thermal regulation is 
required to use PMCs outside of their service temperature. Internal vascular networks provide a platform 
for thermal regulation, allowing for on-demand, adaptive heat removal and preservation of material 
properties. This dissertation uses the established Vaporization of Sacrificial Components (VaSC) 
technique for manufacture of the vascular network. In this method, sacrificial templates composed of a 
thermoplastic polymer and catalyst are embedded in the fiber preform prior to PMC manufacture, and 
then removed by vaporization during an elevated temperature post-cure after matrix solidification. 
Vascular networks enable a vast array of multifunctionality in PMCs, including self-healing, 
electromagnetic modulation, damage sensing, and of course, thermal regulation. However, without a 
thorough understanding of the effect of the vascular networks on structural performance real world 
application will never be realized. Here, the tensile properties and damage evolution of vascularized 
PMCs are compared to non-vascularized PMCs. Results show that reductions in performance are 
associated with misalignment of the fiber architecture. Vascular architectures that only remove matrix 
without altering the structural fibers showed no detectable effect.  
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This dissertation explores two methods for thermal regulation: active cooling and transpirational 
autonomic cooling. During active cooling, a fluid is pumped through the vascular network to transfer heat 
from the solid to the fluid and out of the PMC. This method requires external powering of the pumping 
and a method for removing heat from the fluid outside the PMC. As an alternative, a new method for 
thermal regulation of PMCs, transpirational autonomic cooling, is developed utilizing evaporative cooling 
and capillary pumping to eliminate the need for these external systems. This system is inspired by 
transpiration in plants and is completely self-powered and adaptive to changing heat loads. 
Active cooling enables safe operation of PMCs even under very high thermal loading. Active cooling 
of incident heat fluxes up to 300 kW/m2 is achieved in a bilayer shape memory alloy (SMA)-PMC hybrid. 
In this composite, both the SMA and PMC are actively cooled. Temperatures in both layers are 
maintained below the threshold for irreversible damage. Results show that while most of the cooling 
occurs in the higher thermal conductivity SMA, cooling in the PMC further reduces temperature even 
under the same total flow rate by dispersing the coolant through more channels.  
Two studies are conducted to assess the enhancement to thermomechanical performance in PMCs 
under active cooling. While active cooling is known to reduce temperature, no prior research has 
investigated the effect on mechanical performance. During active cooling, large thermal gradients are 
developed and in many cases a portion of a PMC is above the Tg, while the rest is below. Flexural testing 
in a environmental chamber demonstrates up to 90% stiffness retention in a 325 °C environment using 
active cooling, compared to complete structural deterioration of the non-cooled PMCs. Under these 
conditions, the outer surfaces are above Tg while the interior is maintained below. Survivability under 
sustained compressive loading and heating on one side also demonstrates tremendous improvements 
using active cooling. Actively cooled PMCs survive more than 30 minutes under 200 MPa (~25% of 
room temperature strength) and 60 kW/m2. In stark contrast, non-cooled PMCs fail in just 1 minute under 
the same loading and fail in 10 minutes at just 10 kW/m2. 
As engineered systems become more complex there is an increasing need for multifunctional materials 
that autonomically adapt to changing conditions without external sensing, control, or powering. 
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Transpirational autonomic cooling achieves these goals by using capillary pumping to replenish 
evaporated water in a microporous protective layer manufactured onto the PMC. Applied heat is 
transformed to mechanical energy for delivering cooling fluid in the form of capillary pumping making 
the approach inherently self-powered and adaptive. Evaporation absorbs a large amount of heat and caps 
the temperature within the PMC near the saturation temperature (boiling point) of the water. The system 
is autonomically adaptable to changing thermal conditions and adjusts flow rate depending on the incident 
heat flux. The temperature of a PMC utilizing TAC is maintained below 100° C up to a heat flux of 30 
kW/m2. In contrast, the temperature of a non-cooled PMC exceeds 100° C at about 5 kW/m2 and reaches 
240° C at a 16 kW/m2. 
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Chapter 1. Introduction 
1.1. Motivation for Thermal Regulation in PMCs 
High performance fiber-reinforced polymer matrix composites (PMC) have found widespread 
applicability in the automotive, aerospace, and marine industries due to their low weight, excellent 
structural performance, and manufacturability. A major limitation to PMCs is their susceptibility to 
reduced structural performance at elevated temperatures, such as those experienced during high speed 
flight [1–4], in vehicle components [5–7], and in structural support for batteries, fuel cells, and other 
electronics [8–10]. Typical matrix materials, such as epoxy, polyester, and vinyl-ester, have glass 
transition temperatures (Tg) at or below 200 °C, forcing the use of materials such as metals and ceramics 
at higher temperature [3]. Subjecting a PMC to high temperature even temporarily can cause permanent 
damage, such as delamination, matrix cracking, plastic deformation, decreased fracture toughness, and 
fire [11–14]. Circulation of fluid through microvascular channels embedded directly into the PMC 
regulates temperature by removing heat, enabling service under thermomechanical loading (Figure 1.1). 
 
Figure 1.1: A schematic representation of the thermal cooling concept. Heat is transferred from the solid to fluid 
contained in the vascular network.  
Thermal regulation of a structural PMC through an embedded vascular network is inspired by a 
similar system found in nature–the circulatory system. By pumping blood the circulatory system 
redistributes heat from the interior of the organism, where it is generated by metabolic tasks, to the 
exterior where it is expelled to the surrounding environment or used to increase temperature in cooler 
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anatomical regions [15], contributing to an organism’s homeostasis. Thermal management allows many 
organisms to operate in a wide variety of environmental conditions. For example, the bluefin tuna 
maintains its body temperature in the range of 25-30 °C, even when the surrounding water temperature 
varies between 10-30 °C [16]. As a second example, canines maintain the temperature in their paws 
above freezing, even in environments where the temperature drops as low as -35 °C by using a dense 
network of capillary blood vessels in the paw pad [17]. The circulatory system relies on a variety of 
autonomic functions to adapt to changing environmental conditions, such as adjusting pumping pressure 
from the heart, reconfiguration of channel geometry through vasodilation, and enhancement of heat loss 
by perspiration [15].  
Thermal regulation of a PMC not only can control the temperature of the PMC, but also of external 
systems in thermal contact. When controlling temperature of the material, the goal is to keep the 
temperature within safe operating temperatures. For a structural PMC this means keeping the material 
below the glass transition temperature (Tg) of the matrix polymer. The degradation temperature of the 
matrix (Td) may also be a concern in high heat applications, particularly on the boundary of the material. 
When PMCs are used as structural support for a secondary system such as batteries and microelectronics, 
thermal regulation of the PMC acts as a heat sink keeping the entire system cool and operating at 
maximum performance. 
1.2. Literature Review 
1.2.1. Manufacture of Vascular Networks in PMCs 
In bulk polymers, vascular networks have been fabricated by electrostatic discharge [18], direct 
writing of fugitive inks [19,20], wire removal through melting or manual extraction [21–24], hollow glass 
fiber (HGF) integration [25–30], and VaSC [31–33]. Of these methods, VaSC is the most suitable for 
creating complex networks in PMCs due to its compatibility with PMC manufacturing methods and 
ability to create interconnected 3D architectures. 
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Figure 1.2 outlines the VaSC procedure. Sacrificial fibers (SF) composed of poly(lactic acid) treated 
with catalyst (e.g. tin(II) oxalate or tin(II) octoate) are integrated into a fiber preform prior to matrix 
solidification. The catalyst lowers the degradation temperature while allowing the SF to survive typical 
PMC manufacturing processes up to 177 °C then be removed during a 200 °C post-cure in a vacuum 
environment to create a hollow channel. SFs can be integrated directly into the textile manufacturing 
process to create complex, three-dimensional network architectures. In addition, the sacrificial material is 
a thermoplastic polymer and can be formed into complex shapes through melt or solvent processing. 
Vascular architectures have been created from laser cut hot pressed sheets, sintered spheres, electrospun 
fibers, and 3D printed templates [33]. 
 
Figure 1.2: The VaSC process is used to created vascular architectures in PMCs through thermal vaporization of the 
sacrificial material. The SF is first integrated into the fiber preform (a), the matrix is introduced (here using 
VARTM) (b), the PMC is cured, and then the SF is removed at 200 °C to create a hollow channel (c). In (d) a 
functional fluid is introduced. Images from Esser Kahn et al. [32]. 
1.2.2. Overview of Multifunctionality in Vascularized PMCs 
 Among the most attractive outcomes of vascularizing PMC materials is the ability to perform a large 
number of functions with a single vascular network. The function of the vascular network is determined 
by the fluid. A range of functions have been achieved, including self-healing [19,21,34–37], thermal 
management [38–42], electrical and electromagnetic modulation [32,43–45], and damage detection 
[25,29,30,46,47]. Several examples of these functions are shown in Figure 1.3. 
Self-healing is achieved by introducing a healing agent, generally an unreacted polymer adhesive, into 
the vascular network, which is released into cracks following a damage event [48,49]. Hardening of the 
healing agent in the channels is prevented by designing a trigger for polymerization as a result of the 
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damage event, often in-situ mixing in the crack or contact with a catalyst embedded in the bulk material 
[48,49].  
Thermal management, the focus of this work, is achieved by introducing a fluid into the channel with 
a different temperature than the surrounding material. Any fluid that is compatible with the PMC can be 
used, including water, oil, or air. However, the fluid selection affects cooling performance due to 
differences in fluid properties, in particular thermal conductivity and specific heat capacity [38,40]. An 
alternate method for thermal management is evaporation of the fluid through surface pores [50]. 
However, prior to the work discussed in this thesis, evaporative cooling has not been achieved in 
structural PMCs. 
Electrical and electromagnetic modulation is achieved by introducing a conductive or ferromagnetic 
fluid into the channel. Common conductive fluids include oils containing conductive nanoparticles [44] 
and eutectic gallium-indium [43]. In addition to modulating conductivity, conductive liquids can be used 
to create reconfigurable antennae and switches [44,45].  
Several strategies for damage detection have been developed utilizing vascular networks. The simplest 
is to use a fluorescent or brightly colored dye in a fluid to create a bleeding mechanism, where the fluid is 
visible on the surface or in cracks after a damage event [29,30]. However, this requires that the PMC is 
transparent if the crack is internal, or the damage reaches the surface. Another strategy is comparative 
vacuum monitoring [25,47]. Here, an array of channels are manufactured into a PMC with the pressure in 
some held at low vacuum pressures and others at atmospheric. When cracks bridge between the channels 
and the surface, or between adjacent channels the vacuum pressure is lost and damage is signaled. This 
approach could potentially be combined with introduction of a healing agent upon sensing damage. 
 In addition to having the ability to change the function of the vascular network by changing the 
functional fluid, a multifunctional fluid could be developed. For example, a healing agent can be used as a 
coolant, provided that the healing agent is stable at elevated temperatures. The addition of conductive 
particles to the healing agent could additionally allow it to modulate the electrical conductivity. However, 
no study to date has explored multifunctional fluids. The primary complication is that each function (i.e. 
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thermal, electrical, healing, etc.) performs best with a vascular network designed for a specific function. 
For example, channel location is very function specific when designing a microvascular electronic switch 
or antenna, and the optimal channel locations may be very different then what is required for optimal 
healing or cooling. 
 
Figure 1.3: Examples of functions achieved by introducing a functional fluid into vascularized PMCs. a) A 
simulation of thermal regulation of a PMC showing the temperature reduction of the panel shown schematically in 
(i) at a flow rates (𝑚!) of (ii) 𝑚! = 𝑚, (iii) 𝑚! = 2𝑚, and (iv) 𝑚! = 4𝑚 (i.e. one times, two times, and four times 
the base flow rate) (image from [51]). The hottest regions are in red and the coolest in blue. b) Schematic of a 
reconfigurable fluidic switch (image from [44]). The fluid is pumped into the channel over the ground and signal 
plate to actuate the switch. c) Self-healing of a damaged coating on a vascularized substrate. Upon cracking the 
coating, healing agent is delivered to the surface to heal the crack (image from [19]). d) Damage indication by 
bleeding of fluorescent dye from hollow glass fibers contained in a damaged glass fiber/epoxy composite (image 
from [29]). 
a)
c)
b)
d)
Healing Agent
(i) (ii)
(iii) (iv)
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1.2.3. Mechanical Properties of Vascularized PMCs 
The effect of vascular channels on the mechanical properties of PMCs has been studied for fracture 
toughness [22,26,42,52], interlaminar shear strength [52], compressive and tensile properties [25,26,53], 
and impact damage resistance [23,54]. The formation of a channel removes material and may affect fiber 
architecture, potentially leading to stress concentrations. Figure 1.4 shows some examples of damage 
interacting with channels. Most studies have focused on non-woven carbon fiber/epoxy prepreg, in either 
a cross-ply or quasi-isotropic configuration. Channels lined with glass or steel, resulting from the 
insertion of a hollow tubule, and unlined channels resulting from manual, melt, or vaporization extraction 
of a solid preform have been compared.  
Kousourakis et al. [25,26] studied the tensile and compressive properties of non-woven carbon/epoxy 
laminates containing unlined channels. Strength and modulus were not affected when channels were 
oriented longitudinal to the loading, while properties were reduced when channels were transversely 
oriented. Reductions were attributed to local misalignment of the load-bearing fibers caused by the 
channels and increased with channel diameter. Huang et al. [53] also studied the compressive properties 
of similar materials and reported experimental and finite-element analyses that agreed with those reported 
by Kousourakis et al. [25]. 
Phillips et al. [42] investigated the mode I delamination resistance of a PMC containing steel lined 
channels oriented at an angle of 0°, 45°, or 90° to the crack propagation direction. Channels oriented at 0° 
showed no change, while those oriented at angles of 45° or 90° showed crack blunting resulting in 
increased fracture toughness. Norris et al. [22] studied the mode I and mode II interlaminar fracture 
toughness of PMCs containing unlined channels and compared directly laying the vascular template 
between plies (route A) versus cutting the plies to accommodate the channels without misaligning the 
fibers (route B). Interlaminar fracture toughness increased when channels integrated by route A were 
oriented transverse to the crack propagation direction and remained unchanged when integrated 
longitudinally by route A or in either orientation by route B. Kousourakis et al. [26,52] reported improved 
mode I delamination toughness due to blunting in PMCs containing unlined channels and crack deflection 
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in PMCs containing lined channels. Channels were oriented perpendicular to the crack propagation 
direction in both cases. 
Norris et al. [54] investigated compression-after-impact (CAI) strength of PMCs containing unlined 
channels as a function of channel diameter, orientation, location through the thickness, and integration 
procedure (route A vs. B). CAI strength was unaffected in most cases but reductions occurred due to fiber 
misalignment and plies cut perpendicular to the fibers. McCombe et al. [23] used C-scanning and X-ray 
CT scanning to map the damage location and volume in vascularized PMCs subjected to low velocity 
impact. HGFs had no observable influence on damage development within the layer where they were 
placed. However, when placed near the face opposite the impact, damage increased in the adjacent layers 
further away from the impact site. Kousourakis et al. [52] examined interlaminar shear strength and 
impact damage resistance. Interlaminar shear strength decreased linearly with increased channel size due 
to reduction in interlaminar load-bearing area. Channels did not alter impact damage resistance below a 
threshold size and spacing, above which the damage zone extended further along the direction of the 
channels, though the location through the thickness was not characterized. 
 
Figure 1.4: Examples of damage interacting with unlined channels in PMCs as a result of interlaminar fracture [52] 
and tension [25]. During interlaminar fracture, cracks intersecting with the channels are blunted, causing an increase 
in fracture toughness. In tension, the material’s response is highly dependent on the extent of fiber misalignment. 
Images (a)-(c) show the effect of increasing channel diameter (no channel, 0.58 mm, and 2.98 mm), which 
corresponds to increased fiber misalignment and a corresponding reduction in strength and modulus.    
1.2.4. Thermal Regulation of PMCs 
Active cooling through microfluidic channels has been utilized in electronics [55,56], fuel cells [8,57], 
high power batteries [9], micro-electro-mechanical systems (MEMS) [58], and spacecraft systems [2,59]. 
Heat removal and temperature reduction is crucial for safe and efficient operation in these systems, which 
Tension'Interlaminar'Fracture'
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damage formation, with damage reduced at the interfaces above
(interfaces 4–7) the HGF and increased at the interfaces below
(interfaces 1 and 2).
With regard to how these findings influence the implementa-
tion of a self-healing system based on a distribution of HGF, a com-
parison of healing agent supply and demand can be made by
creating a carpet plot of the total volume of healing agent available
from a 40 mm2 square of HGF, as shown in Fig. 11. The plot shows
the volume of healing agent can be varied by altering the pitch or
outer diameter of the fibres based on a fixed hollowness fraction of
0.5 (see [28] for further details of the volume calculation) and com-
pares this with the damage resulting from 3, 4 and 5 J impacts, as
presented in Fig. 8. For a 3 J impact, it can be seen that there are a
number of HGF configurations which could meet the needs of the
damage volume assuming that they were able to deploy their en-
tire store of healing agent into the damage zone. However, as the
impact energy increases, single layer HGF configurations which
can match the damage volume requirements become increasingly
limited and a second, possibly third layer of HGF will be required.
Despite the HGF appearing to exert some influence over the
damage formation, Fig. 12 indicates that there is very little direct
interaction between the delamination damage and the HGF.
Fig. 12 (supplementary animation available with the online version
of this paper) suggests that only a small number of HGF are rup-
tured by the impact damage event and the subsequent delamina-
tion. Those fibres that have ruptured have done so close to the
point of impact where matrix cracking is more prevalent. Away
from the contact point, the delaminations tend to travel around
the HGF leaving them intact.
Clearly, if the delaminations do not cause extensive rupture of
the HGF at these interfaces then healing agent will not be released
and restoration of mechanical properties cannot be achieved. In
prior research by Williams et al. [12], self-healing following a
low velocity impact event is demonstrated via a 30% recovery of
compressive strength (in CAI testing versus damaged and unhealed
specimens), suggesting that significant rupture of HGF is achieved.
The study in [12] utilised the same stacking sequence but a lower
toughness CFRP base material (Hexcel T300/914 carbon fibre/
epoxy) and inserted five layers of HGF with a reduced pitch and fi-
bre diameter. It would appear, therefore, that one of these variables
has a significant influence on damage formation and in particular
damage/HGF interaction. If delivery of healing agent via HGF is
to be a viable self-healing system, a detailed study of the precise
interactions between HGF and different toughness matrix materi-
als needs to be undertaken with CT scanning engaged as one of
the fundamental analysis tools.
Finally, a key feature of the X-ray CT scan images is the capture
of the connectivity of the through-thickness matrix cracks across
the extensive delamination pattern in the centre of the laminate,
as shown in Fig. 7. This connectivity could have significant implica-
tions for any self-healing methodology, i.e. the damage intercon-
nectivity could be viewed as a supplemental healing delivery
network and provided the energy contact pressure-laminate-dam-
age formation relationship is understood, it offers the potential for
improved healing delivery design.
5. Concluding remarks
In this investigation widely available non-destructive evalua-
tion techniques (ultrasonic C-scanning, low and high resolution
X-ray CT-scanning) were employed to determine the damage for-
mation and interaction for a self-healing hollow glass fibre
arrangement embedded within a damage tolerant quasi isotropic
16 ply CFRP laminate. A layer of HGF with an outer diameter of
100 lm and a pitch of 200 lm were embedded into a 0! ply and
inserted at the 3rd or 13th interface. Specimens were drop
weight impacted at 3 J, 4 J or 5 J before being subject to ultrasonic
C-scanning and X-ray CT scanning, with the principal objective
being to assess damage volume and distribution through the
thickness of the laminate. The effect of introducing the HGF layers
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ative of unstable crack propagation. This run-arrest behav-
iour occurred for the two types of galleries (i.e. made using
silicone or glass tubing). In comparison, the curve for the
specimen without galleries decreased steadily with increas-
ing opening displacement that is indicative of a more stable
crack growth process.
During the fracture tests on specimens containing the
pure galleries it was observed that the delamination often
arrested at a gallery, as shown schematically in Fig. 6.
The improvement to the delamination toughness caused
by the pure galleries is attributed to the blunting eﬀect
experienced by the crack tip when it reached the abrupt
geometric discontinuity provided by the edge of the gallery
[9]. The stress concentration at a circular or elongated hole,
such as a gallery, is much less than for a sharp crack,
thereby loweri g the stress acting on the crack tip. The
radius of the blunted ends of the pure galleries increased
with their original diameter (see Table 2), and this lowered
the stress at the gallery edge. As a result, the mode I delam-
ination toughness increased with the gallery diameter.
The fracture path in the specimens containing the glass-
tube galleries was slightly diﬀerent to the pure galleries.
During testing it was observed that the crack tip passed
through the tube wall and was then arrested inside the
tube, or it passed around the boundary between the tube
and laminat , as depicted in Fig. 7. When the crack tip
breaks through a tube the blunting will occur, and this
acco n s in part for the increased fracture toughness of
the laminate. Toughening is al o expected to resul from
the deflection of the crack tip around the glass tube. The
mismatch in the elastic properties between the laminate
and glass tube are expected to create an asymmetric stress
field surrounding the crack tip [9–11]. This asymmetry can
make it harder for the crack to propagate, thereby increas-
ing the delamination toughness. Another process contrib-
uting to the increased toughness is the increased strain
energy needed to fracture the glass tubes. The mode I frac-
ture toughness of a glass tube (KI ! 0.7–0.8 MPa m"1/2) is
slightly higher than the epoxy matrix (KI ! 0.3–
0.5 MPa m"1/2). However, the walls to the glass tubes
account for only a very small percentage of the fracture
plane, and therefore the toughening caused by breaking
the tubes is expected to be small. The increased thickness
of the resin-layer along the plane of crack growth is also
expected to contribute to the improved toughness of the
laminate containing the pure or glass-tube galleries. Table
3 shows that the thickness of the laminate increased with
the gallery size, and this is due to a thickening of the inter-
laminar resin layer. The size of the plastic zone ahead of the
main delamination crack front is expected to grow with the
thickness of the resin layer, and this will result in an
increase in the delamination toughness. This mechanism
would contribute to the improvement in the mode I frac-
ture toughness with increasing gallery diameter in both
the pure gallery and glass-tube gallery laminates.
The increased toughness in the vicinity of a gallery
requires higher tensile strain energy for the crack to prop-
agate. This is evident by the high load once the crack tip
reaches the first gallery of the coupon (see Fig. 5). The load
increases until the crack tip reaches the critical stress inten-
sity, at which point the crack will propagate. The stored
strain e ergy released by the crack growing from a gallery
is higher than the energy released in the absence of a gal-
lery. The e ergy r leased is so high that it causes the crack
to travel further than in the absence of a gallery. This
causes the crack to propagate through a number of neigh-
bouring galleries and in eﬀect ‘‘unzip’’ a large section of
material in a single step. This is not a desirable fracture
characteristic for aircraft composite materials because it
implies that sudden, wide-area cracking may occur in the
event of over-loading.
3.2. Interlaminar shear strength
Interlamin r shear failure is a critical failure mode of
polymer l minates and must be investigated, especially
since numerous studies have demonstrated that this prop-
erty is highly dependent on interlaminar voids and cavities
[12–17]. The eﬀect of increasing gallery diameter on the
ILSS is shown in Fig. 8. For both types of galleries there
is a linear reduction in the ILSS with increasing gallery size.
(a)
(b)
Crack tip blunting 
Pure
Gallery
Crack
F g. 6. Crack tip bluntin by a pu e gallery depicted in (a) DCB coupon
photo and (b) schematic.
Glass-Tube
Gallery
Crack
Fig. 7. Schematic of crack tip deflection by a glass-tube gallery.
A. Kousourakis et al. / Composite Structures 75 (2006) 610–618 615
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can generate heat fluxes up to 300 W/cm2 [60]. Thermal management in PMCs is a recent advancement, 
prompted by the development of methods for manufacturing vascular networks into PMCs. Several 
studies have investigated thermal regulation in PMCs.  
Kozola et al. [38] used direct ink writing to create a branched vascular network in an epoxy cooling fin 
heated at the base (Figure 1.5a). 2D and 3D networks were compared under laminar flow using 
thermography and microscopic particle image velocimetry to characterize the temperature field and the 
flow rate distribution, respectively. The authors reported a 53-fold increase in the effective heat transfer 
coefficient compared to a non-actively cooled fin, which reduced mean field temperature from 60 °C to 
30 °C. Phillips et al. [42] evaluated thermal transport in an actively heated carbon/epoxy fin subject to 
free convective cooling by calculating its heat load and effective heat transfer coefficient through 
thermography. In addition, the authors developed an analytical model of the temperature distribution. In 
related works, Cortes et al. [61] and Phillips et al. [41] used microvascular thermal regulation for 
activation and deactivation of shape memory polymers and shape memory composites. McElroy et al. 
[62] modeled and experimentally validated the use of vascular networks in carbon fiber panels for film 
cooling in gas turbine engines. The vascular network delivered cool air to the upstream portion of the 
panel in order to create a protective layer of cool air, reducing heat transfer to the carbon fiber panel. 
Soghrati et al. [39,40] modeled actively cooled PMCs using a novel Interface-enriched Generalized 
Finite Element Method (IGFEM) introduced by Aragón et al. [63] to accurately predict the temperature 
field without a conforming mesh. Experiments on specimens containing 2D sinusoidal channels showed 
good agreement with the computationally predicted fields (Figure 1.5b) [39]. The authors conducted a 
parametric optimization study on 3D woven microvascular glass/epoxy PMCs subjected to constant heat 
flux on the bottom surface [40]. Comparisons included spacing, wavelength, and amplitude of the 
microchannels, the coolant type and flow rate, the applied thermal loads, and top surface boundary 
condition. Target parameters included maximum temperature, microchannel volume fraction, and 
pressure drop. Design charts related the maximum allowable temperature to the coolant flow rate and 
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delivered heat flux. Tan et al. [51] extended the IGFEM method to model networks featuring branches 
and complex channel trajectories. 
Aragon et al. [64] and Soghrati et al. [65] utilized genetic algorithms to design optimized 2D and 3D 
microvascular networks based on various objective functions and constraints, including flow efficiency, 
network redundancy, maximum temperature and void volume fraction. Results demonstrated that 
networks featuring branching and complex channel pathways are necessary to maximize the effectiveness 
of a cooling system. Wang et al. [66–68] and Bejan et al. [69] used the principles of constructal law (“For 
a flow system to persist in time (to live) it must evolve in such a way that it provides easier and easier 
access to the currents that flow through it.”) to develop optimized channel networks for vascular cooling. 
The authors used computational methods to examine mechanical and thermal properties of biologically-
inspired branching networks. 
 
Figure 1.5: a) Vascular networks evaluated by Kozola et al. [38], including (from left to right) a 200 µm channel 
diameter 3D interconnected network, a 200 µm 2D network, and a 410 µm 2D network. b) A comparison of 
experimentally (top) and computationally (bottom) obtained temperature fields for an actively cooled microvascular 
fin [39]. Heat was applied to the bottom of the fin, while it was extracted by water pumped at 2 ml/min through a 
500 µm sinusoidal channel. Temperature was measured from the side using an infrared camera.  
Keller et al. [70,71] used liquid cooling through large passages in truss-like PMC slabs used in 
building and bridge construction to improve fire endurance. While significant improvements in 
survivability were demonstrated, the liquid cooling passages were on the order of 20 cm in hydraulic 
diameter and required large volumes of water that would significantly increase the structure’s weight. 
flow rate obtained from the calibration study (Qeq = 0.724 ml/min)
is implemented in the numerical solution. The temperature
profiles along Sections A and B (shown in Fig. 10(b)) are presented
in Fig. 11(b) and (c), respectively, and compared with experimental
values at similar locations. Accoring to this figure, the 2D IGFEM
solution has a good agreement with experimental data, especially
in predicting the temperature along the top edge of the domain.
Considering all the simplifying assumptions implemented in the
2D computational model, this study proves the reliability of the
IGFEM in approximating the temperature field in the actively-
cooled microvascular fin.
4. Shape optimization of the sinusoidal microchannel
In this section, we aim at determining the optimal configuration
of the embedded sinusoidal-shaped microchannel in the epoxy fin
shown in Fig. 12. The height and thickness of this domain are
similar to those of the microvascular fin specimen depicted in
Fig. 6 used for the calibration and validation of the IGFEM thermal
solver. The heat transfer and fin coefficients for the shape optimiza-
tion problem are similar to those obtained in the previous section.
The length of the microvascular fin, however, has been increased
to 180 mm to investigate the effect of the specimen length on the
Fig. 9. Calibration of the IGFEM solver using the thermally loaded domain with an embedded microchannel with k = 10 mm: (a) steady-state temperature field of the
actively-cooled fin at 2 ml/min flow rate obtained with t e IGFEM; (b,c) experimental and numerical temperature profiles long Sections A and B, respectively.
Fig. 10. (a) Microvascular fin specimen with an embedded microchannel with wavelength k = 5 mm and amplitude A = 4 mm; (b) IR image of the steady-state temperature
field after active cooling at 2 ml/min flow rate.
S. Soghrati et al. / International Journal of Heat and Mass Transfer xxx (2012) xxx–xxx 7
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optimal shape of the embedded microchannel. The thermal bound-
ary conditions consist of a convective boundary condition along the
left and right sides of the 2D computational domain and constant
heat flux q = 2000W/m2 along the bottom edge. Two different
conditions are considered along the top edge to study their impact
on the predicted optimal configuration of the embedded micro-
channel: (i) a fixed temperature of T ¼ 20 !C and (ii) a convective
boundary condition with h = 4.9 W/mK and T = 21 !C.
The optimization problem aims at determining the optimal
amplitude, A, and wavelength, k, of the sinusoidal microchannel
that minimizes a set of three objective functions U ¼ f/ig3i¼1: (i)
the maximum temperature of the polymer matrix, (ii) its void vol-
ume fraction, and (iii) the pressure drop. Details on the evaluation
of these three objective functions are provided below. The entrance
of the microchannel is at the left edge and the minimum distance
between its centerline and the bottom edge of the domain is
580 lm for all configurations. Similar to the previous section,
water is employed as the coolant with Q = 1 ml/min, which, based
on the study presented in the previous section, corresponds to an
equivalent flow rate of Qeq = 0.362 ml/min for the 2D model.
The minimum and maximum values of the wavelength k are set
to 7.5 and 30 mm, respectively, with increments of 2.5 mm while
the minimum and maximum values of A are 0 and 4.8 mm, respec-
tively, with increments of 400 lm. The aforementioned parameters
provides a total number of 121 different configurations for which
the small size of the search space allows for analyzing and
evaluating the objective functions for all possible cases. This is
specifically possible by using the IGFEM solver, for which a single
non-conforming structured mesh built on a 1080 " 63 grid is em-
ployed to evaluate the temperature field associated with all the
microchannel configurations. The objective functions considered
in this optimization problem are as follows:
Maximum temperature: Reducing the maximum temperature of
the domain is the main goal of designing actively-cooled microvas-
cular systems. We thus define the first objective function as
/1 ¼ Tmax : Xh ! R :¼ max Th; ð15Þ
where Th is obtained from (9) using the IGFEM solver. For this par-
ticular optimization problem, the maximum temperature is typi-
cally obtained along the lower edge of the specimen, along which
the heat flux is applied.
Void volume fraction: While reducing the maximum tempera-
ture of the domain constitutes the primary objective, a successful
design for the microvascular network must be minimally invasive
with respect to the mechanical properties of the material, and in
particular its strength and stiffness. As a first approximation, the
impact of the microchannel on these mechanical properties can
be related to the void volume fraction associated with the embed-
ded network. The second objective function thus consists in
minimizing
/2 ¼ Vf 2 R :¼
R
Lf
pD2ds
4VXh
; ð16Þ
Fig. 11. Validation of the IGFEM solver based on the microvascular fin with k = 5 mm: (a) steady-state temperature field of the actively-cooled fin at 2 ml/min flow rate
obtained with the IGFEM; (b,c) experimental and numerical temperature profiles along Sections A and B, respectively.
Fig. 12. Schematic and boundary conditions of the microvascular fin investigated in the shape optimization study.
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used to create complex 3D networks embedded within
structural polymers and it shows great promise for com-
plex, biomimetic microvascular networks.
Direct write assembly is an efficient fabrication
method, which enables printing of 3D template structures
using a fugitive organic ink (Therriault et al., 2003; Lewis,
2006). Subsequent infiltration of the template with a
polymer matrix and removal of the sacrificial template
yields a microvascular polymer with 3D interconnectiv-
ity. Channel sizes ranging from 1 mm to over 1mm are
possible (Lewis, 2006) and networks can be stacked and
interconnected vertically to create complex 3D networks
(Therriault et al., 2003, 2005; Lewis, 2006). While other
fabrication techniques may also produce layered 3D net-
works, direct write assembly offers a facile process with
more inherent design flexibility and lower cost. Direct
write assembly has been used previously to fabricate
highly efficient 3D micromixers (Therriault et al., 2003),
multifunctional self-healing materials (Toohey et al.,
2007; Hansen et al., 2009), and a 2D self-cooling printed
circuit board (Oueslati et al., 2008).
In this study we use the direct write assembly tech-
nique to create 2D and 3D microvascular networks for
active cooling of a heated polymer fin. Three network
architectures are examined to investigate the effect of
channel size and dimensionality. Both water and a com-
mercial polyalphaolefin (PAO) oil-based coolant
(Paschkewitz, 1998; Sleiti, 2007) are used as working
fluids with flow rates ranging from 1 to 10mL/min.
The transient and steady-state thermal responses were
investigated using an infrared (IR) camera and the
flow through individual channels was measured using
microscopic particle image velocimetry (m-PIV)
measurements.
MATERIALS AND METHODS
The microvascular materials examined in this study
consist of 2D and 3D vascular networks embedded
within an epoxy matrix. The epoxy matrix used is
Epon 828 (Hexion Specialty Chemicals) resin and
Epicure 3274 (Hexion Specialty Chemicals) amine
curing agent at a ratio of 2.5 : 1 by mass.
Specimen Design
A thin fin geometry (Figure 1) was used for all testing.
The thin fin configuration provided a convenient and
well-characterized 2D temperature field for experimental
testing and analysis. A microvascular network was
embedded in the center of the specimen, 18.4mm
long! 18.4mm tall, and centered along the length of
the fin. The vascular network was connected to inlet
and outlet ports via fanning manifolds of the same
Fanning
manifold
Test
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m
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Figure 1. Microvascular fin and network geometry. (a) Details of fin specimen with embedded three-layer microvascular network. (b!d) Images
of specimens tested with insets of specimen cross sections: (b) 3D network (200!m diameter), (c) 24-channel array (200!m diameter),
(d) 12-channel array (410!m diameter).
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given value of Q is determined based on th maximum allowable
temperature of the coolant (Tf,out = 100 !C) and not that of the com-
posite (Tmax = 300 !C).
We can generalize the results presented in Figs. 13 and 14 for
evaluating Tmax and Tf, out in the form of th design map shown
in Fig. 15. In this figure, the solid contour lines represent the max-
imum temperature of the composite, while the dashed lines show
the average coolant temperature at the outlet for different values
of !q and Q. The contours for Tmax > 300 !C are not shown since this
temperature is considered as a physical limit for the polymer ma-
trix. Fig. 15(a) and (b) illustrate the results for PMC plates with the
convective BC along the top surface and L = 10 and L = 40 cm,
respectively. Note that, except for slight differences at low flow
rates, the results presented in Fig. 15 are identical for the fixed
temperature BC.
The diagram presented in Fig. 15 can be used to design the
AC-PMC plate by evaluating the minimum required flow rate Q
for any value of applied heat flux !q. As referred to in Figs. 13 and
14, these results verify that the minimum r quired value of Q is
determined by the constraint on maximum allowable temperature
Tf,out of the coolant (water), as the area covered by Tf,out < 100 !C is
smaller than that covered by Tmax < 300 !C for the range of design
Fig. 15. Tf,out and Tmax versus Q and !q for a microvascular PMC plate with W = 1 mm, top surface convective BC, and (a) L = 10 cm and (b) L = 40 cm. The dashed and contour
lines correspond to Tf,out and Tmax, respectively, with the contour values of Tmax written in boxes.
Table 3
Material properties and allowable temperatures of three candidate coolants for the
AC-PMC plate of interest, with aQ = (qcp)water/(qcp)coolant.
Coolant cp
(kJ/kg K)
q
(kg/m3)
l (kg/ms) Tall
(!C)
aQ
T = 40 !C T = 100 !C
Water 4183 1000 6.53 ! 10"4 2.80 ! 10"4 100 1
Polyalphaolefine 2220 809 4.45 ! 10"3 1.45 ! 10"3 161 2.33
Ethylene glycol 2440 1113 9.80 ! 10"3 1.98 ! 10"4 111 1.54
Fig. 16. Effect of microchannels spacing W on spatial temperature variation along the bottom edge of an AC-PMC plate with !q ¼ 100 kW/m2,L = 10 cm, and (a) Q = 1 and (b)
Q = 5 ml/min. The solid and dashed lines correspond to the convective and fixed temperature BCs along the top surface of the plate, respectively.
Fig. 17. Temperature field over the inlet and outlet surfaces of an AC-PMC plate
withW = 1 mm, L = 10 cm, !q ¼ 10 kW/m2, and convective BC: (a) inlet and (b) outlet
surfaces for the unidirectional flow and (c) inlet/outlet surfaces for the counter flow.
The solid and dashed lin s indicate the unidirectional and counter flow in
microchan els, res ectively.
S. Soghrati et al. / International Journal of Heat and Mass Transfer 65 (2013) 153–164 161
c)#
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1.3. Overview and Outline of Dissertation 
 The overall goal of this research is to develop thermally regulated PMC materials and characterize 
their behavior under thermomechanical loading.  
Application of vascularized structural PMCs requires a thorough understanding of their mechanics. In 
Chapter 2, the effect of vascular channel on the in-plane tensile properties and damage evolution of a 3D 
woven glass fiber/epoxy composite is examined. 3D woven textiles represent an important class of fiber-
reinforced PMCs with excellent mechanical properties and damage resistance. However, the effect of 
microchannels on PMCs formed from these textiles was previously unknown. Here, tensile tests are 
conducted on PMCs containing straight or wave-shaped channels oriented either transverse or 
longitudinal to the loading. Damage evolution is characterized by acoustic emissions, transmitting optical 
photography and optical microscopy. Results reveal the primary factor affecting tensile behavior is 
reinforcement fiber misalignment. The results from Chapter 2 have been published in the journal 
Composites Part A: Applied Science and Manufacture [72]. 
In Chapter 3, active cooling in a hybrid SMA/PMC material is examined. This material is targeted at 
applications that combine extremely high incident heat flux with high mechanical loading, such as 
hypersonic flight or spacecraft reentry. Thermal protection and high structural capability is accomplished 
using a thermally regulated two-phase system, with a metal outer layer and PMC inner layer. The shape 
memory alloy (nickel titanium) has higher maximum temperature and thermal conductivity than the PMC, 
in addition to its high mechanical damping capability. The PMC provides lightweight structural support, 
as well as additional cooling. Experiments demonstrate the combined system’s ability to maintain the 
temperature in each phase below the temperature threshold for deterioration in mechanical properties, ca. 
150 °C in the PMC and 500 °C in the metal phase, at a heat flux as high at 300 kW/m2. 
Chapter 4 and 5 examine the thermomechanical behavior of active cooled vascularized PMCs. 
Thermal cooling of a PMC causes a non-uniform temperature field, which results in spatial variation in 
the mechanical properties, such as modulus and strength. This leads to challenges in predicting 
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mechanical performance, particularly if one portion of a PMC is above Tg and the rest below. In chapter 
4, the flexural modulus of a 3D woven glass fiber/epoxy composite is measured in a high temperature 
environment. The results from Chapter 4 have been published in the journal Composites Part A: Applied 
Science and Manufacture [73]. In chapter 5, the time-to-failure of an aerospace grade carbon fiber/epoxy 
composite is reported under simultaneous compressive loading and one-sided radiant heating. In both 
cases, actively cooled specimens with varying channel architectures and coolant flow rates are compared 
to non-cooled specimens. Results demonstrate dramatic increases in mechanical performance with active 
cooling despite large temperature gradients.  
As engineered systems become more complex there is an increasing need for multifunctional materials 
that autonomically adapt to changing conditions without external sensing, control, or powering. In 
Chapter 6, the development of an autonomically cooled PMC is discussed. The approach is inspired by 
transpiration in plants and combines capillary action with evaporation to provide high cooling capacity 
and self-powered fluid delivery. This was achieved using a porous protective layer on the surface of a 
PMC connected to an external fluid reservoir by an vascular network of channels within the PMC. 
Experiments demonstrate the self-powered operation of the cooling system as well as the system’s 
autonomic adaptability to changing heating conditions. 
Chapter 7 summarized the conclusions of the research presented and suggested directions for future 
work. 
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Chapter 2. Tensile properties and damage evolution in 
vascular 3D woven glass/epoxy composites 
2.1. Introduction 
Woven textile PMCs are used extensively in industrial applications, including ballistic armor, marine 
vessels, wind energy, automotive, and aerospace [74]. Yet, no studies at this time have examined the 
effect of vascular networks on the mechanical properties of woven textile PMCs. While 2D textiles 
contain fibers that are predominately oriented in a single plane, in 3D textiles some fibers are oriented in 
the out-of-plane direction. Lomov et al. [75] compared the tensile properties of 2D plain weave and 3D 
orthogonally woven textiles and concluded that 3D textiles have superior in-plane strength and modulus. 
In a related study, Ivanov et al. [76] reported that 3D textiles are able to absorb more energy while 
suppressing delaminations and tow-matrix interfacial cracking. 
In this chapter, the effect of vascular channels on the in-plane tensile properties and damage 
progression of three-dimensional orthogonally woven textile PMCs is examined. Vascular channels are 
manufactured by Vaporization of Sacrificial Components (VaSC). Sacrificial fibers composed of 
poly(lactic acid) treated with tin(II) oxalate catalyst are integrated into 3D woven glass fiber preforms. 
PMCs with straight channel and undulating wave-shaped channel architectures are tested in both 
longitudinal and transverse orientations. Damage evolution is monitored by acoustic emission and optical 
microscopy.  
The results from this chapter have been published in the journal Composites Part A: Applied Science 
and Manufacture [72]. 
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2.2. Specimen Manufacture Procedures 
2.2.1. Sacrificial Fiber Synthesis 
Sacrificial fibers (SF) for the VaSC process were prepared from 500 µm diameter poly(lactic acid) 
(PLA) monofilament fibers (Teijin Monofilament, Inc.) following the procedure established by Esser-
Kahn et al. [32] and Dong et al. [31]. In this procedure, the commercial PLA fibers were treated with 
tin(II) oxalate (SnOx) catalyst to decrease their thermal degradation temperature from approximately 
280°C to 200°C [32]. The as received fibers were wound on a custom reel and placed in a catalyst 
treatment bath composed of 480 mL trifluoroethanol (TFE, Sigma-Aldrich), 320 mL deionized water, 13 
g SnOx (Sigma-Aldrich), 40 mL Disperbyk 187 (BYK Chemie), and 1g Rhodamine 6G dye (Sigma-
Aldrich). The beaker containing the catalyst solution was suspended in a temperature-controlled water 
bath and the reel was attached to a digital mixer, which agitated the solution at 400-450 RPM for 24 hours 
at 37°C. Following the treatment process, the fibers were dried in a convection oven for 24 hours at 35°C. 
2.2.2. PMC Specimen Manufacture 
PMC specimens were manufactured using a single layer of 3D orthogonally woven S2-glass fibers 
with an areal density of 4.07 kg/m2 (120 oz./yd2) (TEAM Inc.), shown schematically in Figure 2.1. The 
SFs were manually incorporated into the glass fiber textile by hand using a sewing needle to guide the SF 
through the fabric. No glass fibers were removed to accommodate the SFs. Three types of specimens were 
created for testing: (1) control specimens with no channels, (2) specimens with channels that follow a 
straight trajectory, and (3) specimens with channels that follow a wave shaped trajectory. The location of 
the SFs in the unit cell of the glass fiber textile for each of specimen is shown schematically in Figure 2.2. 
For specimens with straight channels, the SF was placed adjacent to the z-fiber along the path of a warp 
tow. For specimens with wave channels, the SF followed the path of the z-fiber but was translated half the 
distance of the unit cell in the warp direction. In both cases the SF traversed the interstitial region between 
the warp tows. As such, there is no change in fiber volume fraction (Vf) locally around a channel although 
for the wave architecture some displacement of glass fibers is apparent (Figure 2.2). 
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Figure 2.1: A schematic of the three-dimensional orthogonally woven S-2 glass fiber textile. The textile is composed 
of 3 warp layers and 4 weft layers, which are held together by the z-fibers. The areal density of the fabric is 4.07 
kg/m2 (120 oz./yard2). In the warp layers there are 3.0 tows/cm, whereas in the weft layers there are 2.7 tows/cm. As 
a result of the difference in tow density, the fiber content in the x and y directions are nearly equivalent.  
The S2-glass/SF preform was infused with epoxy resin using a vacuum assisted resin transfer molding 
(VARTM) process. The resin was composed of EPON 862 epoxy mixed with EPIKURE W curing agent 
(Miller-Stephenson) in a weight ratio of 100:26.4, respectively. Prior to the infusion, the resin was 
degassed for 2 h at 80°C and the preform was preheated to 100°C, to reduce the viscosity of the resin 
during the infusion. The part was insulated on the top surface and then cured on a hot plate at 121°C for 2 
hours followed by 177°C for 2 hours. Due to the long gel time and low viscosity of the resin at elevated 
temperatures, a double bag method was employed to prevent excess resin from being removed from the 
part during the curing cycle. Control panels without vascular channels had an average Vf of 44.5±1.3%. 
After the initial cure of the resin, SFs were vaporized in the appropriate specimens by cutting the panel to 
expose the ends of the SFs, then heating the panel in a vacuum oven at 200°C for 48 hours. Following the 
heat treatment and SF removal, a slight browning of the matrix material occurred and was attributed to 
oxidation of the resin.  
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Figure 2.2: The three different types of specimens examined. Schematics of the unit cell of the preforms (a-c) show 
the weft tows in yellow, the warp tows in green, the z-fibers in blue, and the sacrificial fibers in red. Optical 
micrographs (2.5x lens) (d-f) show surfaces normal to the warp direction and (g-i) surfaces normal to the weft 
direction. Scale bars represent 1 mm. 
Following the cure cycle, stress cracks were observed near bends of the z-fiber in all specimens, as 
seen in Figure 2.2(d,f). The stress cracks are a result of the normal curing cycle and were not observed to 
grow during subsequent heat treatment of the PMC. Stress cracking was consistent in both vascularized 
and non-vascularized specimens. 
Two types of control (no channel) specimens were used to isolate the effect of the heat treatment on 
the PMC properties. One set of control specimens was cured using the normal curing cycle, while a 
second set was also subjected to a post-cure at 200°C for 48 hours under vacuum. For vascular specimens, 
both the straight and wave channel specimens were post-cured at 200°C for 48 hours under vacuum to 
remove the SF. Tensile specimens were cut from the PMC panels with the channels oriented longitudinal 
and transverse to the axis of loading (Figure 2.3), corresponding to the warp and weft directions of the 
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fabric, respectively. In both cases, the channel trajectory followed the warp direction of the fiber preform. 
Fiber orientation in control specimens matched that of the vascular specimens for longitudinal and 
transverse tensile testing. 
 
Figure 2.3: Transverse and longitudinal testing orientations, shown schematically (left) and relative to the textile unit 
cell (right). In the schematic, the channel direction is represented by red dashed lines.  
2.2.3. Epoxy Specimen Manufacture 
Testing was performed to investigate the effects of the post-cure used to vaporize the SFs on the 
mechanical properties of the epoxy matrix phase of the PMC. Specimens were manufactured from EPON 
862 epoxy/EPIKURE W curing agent (Miller-Stephenson) mixed in a weight ratio of 100:26.4, degassed 
for 2 hours at 80°C, then cured in a convection oven at 121°C for 2 hours followed by 177°C for 2 hours 
in closed molds. The closed mold design helped to minimize oxidation of the resin during curing, but 
browning similar to the PMC specimens was still observed. One group of specimens was subjected only 
to the epoxy cure cycle, and the other group was subjected to an additional 200°C for 48 hour post-cure 
under vacuum.  
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2.3. Testing and Analysis Procedures 
2.3.1. PMC Tension and Acoustic Emission Testing  
 PMCs specimens were prepared and tested in tension according to ASTM D3039. A schematic 
showing the relevant dimensions and setup of the specimen is shown in Figure 2.4. To minimize stress 
concentrations from the grips, aluminum end tabs were attached to the specimen using an epoxy adhesive 
(Hysol EA 9309.3NA, Henkel Corp.) cured at 82°C for 1 hour.  All tests were performed on a universal 
electromechanical test frame (Instron 4483) under displacement control at a rate of 1 mm/min. A sample 
plot of stress and acoustic emissions (AE) versus strain is shown in Figure 2.5. Strain was measured using 
a 25.4 mm gage length extensometer, held in place on the specimen using built-in clips. Ultimate tensile 
stress (σu) was calculated based on the maximum load attained by the specimen, which was generally 
followed by an abrupt drop in load indicating failure. Young’s modulus (E) was measured in the linear 
portion of stress-strain curve, between 0.1-0.3% strain.  
 
Figure 2.4: Schematic of the tensile test specimen showing relevant dimensions and the placement of the 
extensometer and acoustic emissions sensor. Dimensions are in millimeters. 
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Figure 2.5: A sample plot of stress and cumulative acoustic emissions (AEcum) versus strain. Locations used to 
record ultimate tensile stress (σu), Young’s modulus (E), and strain at damage initiation (εAEi) are marked on the 
plot. 
The AE sensor (Dunegan Engineering Company, Inc. Model SE2MEG-P) was adhered to the test 
specimen using vacuum grease in the gage section (see Figure 2.4). A DC power supply (Model GW 
INSTEX GPC-3030D 8V) provided excitation and AE signals were amplified using a DECI preamplifier 
(Model 400p-20H, +28V DC). A National Instruments digital acquisition system (NI-DAQ-USB-6251) 
recorded the AE signals with a sampling rate of 500 KHz. Voltage and time data was recorded for all 
events and correlated with strain data from mechanical testing using corresponding time stamps from AE 
and tension test data. In all of the specimens, acoustic events initiated after some threshold strain was 
reached, denoted by εAEi.  
For the controls, straight channel, and wave channel specimens, a total of nine specimens were tested 
in each loading orientation. Five of the specimens were tested to failure and four specimens were loaded 
to intermediate stress levels (100 MPa, 250 MPa, 350 MPa, 450 MPa) and then unloaded. After 
unloading, these specimens were imaged using transmission optical photography. For the post-cured 
controls (no channels) all tests were conducted to failure. Five tests were performed for each specimen 
category for tensile testing. 
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2.3.2. Epoxy Tension and DMA Testing 
Epoxy tensile tests were conducted according to ASTM D638 using type I polymer tensile bars. Tests 
were performed on a universal electromechanical test frame (Instron 4483) under displacement control at 
a rate of 1 mm/min. Strength was based on the maximum load achieved prior to ultimate failure (σu). 
Young’s modulus (E) was measured between 0.1-0.3% strain for all specimens. Five tests were run for 
each specimen category. 
Dynamic mechanical analysis (DMA) was conducted according to ASTM D7028 to measure the 
thermomechanical behavior of the neat epoxy matrix. Specimens were cut from a neat epoxy sheet using 
a diamond blade wet saw. Epoxy bars measuring 2 mm x 6 mm x 35 mm were tested in three-point 
bending on a DMA (TA Instruments, Model RSAIII) at 1 Hz to a maximum strain of 0.1% on a 25 mm 
span. The temperature was ramped at 5 °C/min from 25-250 °C in a nitrogen environment. A nitrogen 
environment was selected to minimize oxidation, helping to ensure that the changes in moduli measured 
were due to changes in temperature and not time-dependent chemical changes in the epoxy. Tg was 
recorded using a step transition analysis of the storage modulus (E’). Two specimens were tested for each 
specimen category.  
2.3.3. Statistical Analysis of Data 
Young’s modulus, strength, and strain at damage initiation in each loading orientation were examined 
using analysis of variance (ANOVA) to determine if significant differences existed among specimen 
categories [77]. The 𝐹 statistic is first calculated as 
 𝐹 =  𝑀𝑆!𝑀𝑆!  (1) 
where 𝑀𝑆! is the between-group variability and 𝑀𝑆! is the within-group variability. These values are 
defined as, 
 𝑀𝑆! =  𝑛! 𝑌! − 𝑌 !! 𝐾 − 1 , (2) 
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 𝑀𝑆! =  𝑌!" − 𝑌! !!,!𝑁 − 𝐾 , (3) 
where 𝑌! is the sample mean of the i-th group, 𝑌 is the overall mean, 𝑌!" is the j-th observation in the i-th 
group, 𝑛! is the number of observations in the i-th group, 𝐾 is the number of groups, and 𝑁 is the total 
sample size. Based on 𝐹, the P-value is calculated using the Fisher-Snedecor distribution (F-distribution). 
The condition indicating a statistically significant difference exists among the test groups is  
 𝑃 ≤ 𝑃!"#$#!%& , (4) 
where 𝑃!"#$#!%& is equal to the chosen significance level. Unless otherwise noted, a 5% significance level 
(𝑃!"#$#!%& = 0.05) was used.  
ANOVA only tests for significant differences globally. Outlying specimen categories were identified 
using a Tukey range test based on the Tukey-Kramer procedure, which instead considers pairwise 
comparisons. The test statistic for the Tukey range test is  
 𝑞 = 𝑌! − 𝑌!𝑀𝑆!2 1𝑛! + 1𝑛!  , 
(5) 
where 𝑌! and 𝑌! are the means of the two groups under consideration and 𝑛! and 𝑛! are the sample size 
of each group. The P-value is calculated from the value of 𝑞 using the studentized range distribution and 
is again evaluated using Eq. (4) for statistical significance. More detailed information on ANOVA and the 
Tukey range test is found in Salkind [77].  
2.4. Results and Discussion 
2.4.1. Tension Test 
The average tensile strength, Young’s modulus, and strain at damage initiation for the PMC specimens 
are summarized in Table 2.1 and Figure 2.6. P-values from the ANOVA test are included in Table 2.1, 
with values below 0.05 indicating a statistically significant difference exists between the four categories. 
In addition, P-values from the Tukey range test (PTukey) are noted throughout the discussion where 
relevant. The error bounds on modulus and strength were 4.8% and 7.6% of the mean values, 
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respectively. The primary sources of error were small variations in fiber alignment and tow spacing in the 
textile fabric. Callus et al. [78] reported that orthogonally woven glass fiber textiles have fiber 
misalignments up to 5.1° and 5.7° (within the 90th percentile) in the warp and weft directions, 
respectively. Distortions of the tow spacing occur due to handling of the textile during transportation, 
cutting, and infusion. These distortions to the textile were minimized where possible, but some variation 
was still observed. 
 
 
Figure 2.6: Results of tensile testing: a) normalized strength, b) normalized Young’s modulus, and c) strain at 
damage initiation.  
  Wave channel were thicker than all other specimen types because of through thickness stiffening of 
the fabric and therefore had higher resin content. Alternatively, straight channel specimens were the same 
thickness as controls because the SFs fit into the interstitial region between the warp and weft tows. In 
order to compare results across all specimen types the tensile properties were normalized with respect to 
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thickness by multiplying the raw data by t/tavg, where tavg is the average thickness of the control 
specimens. This process is analogous to normalizing by fiber volume fraction. Both non-normalized and 
normalized data are included in Table 2.1.  
Table 2.1: Results of PMC specimen tensile testing. Error bounds correspond to one standard deviation. P-values 
from ANOVA are included, which indicate a significant difference among the specimen categories when P ≤ 0.05.   
a Only five tests were used to evaluate strength for each specimen category. b Values are normalized by thickness, 
i.e. multiplied by t/tavg. 
  Testsa 
[#] 
t  
[mm] 
E  
[GPa] 
Enormb  
[GPa] 
σu  
[MPa] 
σnormc 
[MPa] 
εAEi 
[%] 
 Longitudinal (Warp) Loading Orientation 
Control 
Specimens 
Normal Cure 9 3.79±0.11 21.5±1.7 21.7±1.5 567±10 563±14 0.28±0.07 
Post-Cured 5 3.76±0.12 21.6±1.4 21.5±0.7 547±41 546±29 0.27±0.05 
Vascular 
Specimens 
Straight 
Channel 9 3.80±0.09 22.5±1.6 22.7±1.4 546±16 544±14 0.23±0.04 
Wave 
Channel 9 3.98±0.05 20.4±1.8 21.6±1.9 489±20 516±23 0.22±0.03 
 P-value  - - 0.338 - 0.021 0.101 
 Transverse (Weft) Loading Orientation 
Control 
Specimens 
Normal Cure 9 3.76±0.09 25.9±1.6 25.9±1.4 566±24 566±39 0.26±0.03 
Post-Cured 5 3.74±0.10 24.6±2.4 24.5±2.6 548±28 544±14 0.25±0.03 
Vascular 
Specimens 
Straight 
Channel 9 3.89±0.06 24.0±1.5 24.8±1.3 558±28 580±36 0.21±0.03 
Wave 
Channel 9 3.98±0.04 21.9±1.8 23.2±2.1 470±35 497±39 0.21±0.06 
 P-value  - - 0.032 - 0.007 0.037 
 
Comparison of the normally cured and post-cured control specimens indicated no statistically 
significant reductions in strength or modulus as a consequence of the 48 hour 200 °C post-cure. Polymer 
tensile testing also confirmed that post-curing did not degrade the tensile properties (Table 2.2) although 
an increase in glass transition temperature from 140 °C to 150 °C was observed. Tensile properties were 
not affected by the presence of straight channels. No statistically significant reductions were observed for 
wave channel specimens when compared to post-cured controls. However, the wave channel architecture 
did impart statistically significant reductions based on Eq. (4) in longitudinal strength (PTukey = 0.013), 
transverse modulus (PTukey = 0.019), and transverse strength (PTukey = 0.025) compared to normally cured 
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control specimens, although longitudinal modulus remained unchanged. Hence, the only significant 
reduction in tensile properties occurred for the wave channel architecture when compared to normally 
cured control samples. 
Table 2.2: Results of tensile and DMA tests performed on neat epoxy specimens. Error bounds correspond to one 
standard deviation for tensile testing. No error bounds are shown for glass transition temperature because only two 
tests were performed, which yielded values differing by less than 1 °C. 
Post-Cure Condition 
E  
[GPa] 
σu  
[MPa] 
Tg 
[°C] 
No Post-Cure 2.86±0.05 68.6±8.3 140 
48 hours @ 200°C 2.81±0.12 70.2±3.7 150 
 
The AE data shows earlier initiation of damage for vascular specimens compared with the controls. 
The mean strain at damage initiation was approximately 20% lower for those specimens containing 
channels. Using the ANOVA test, no significant change was found in the longitudinal direction for any of 
the specimens, whereas in the transverse direction the change was significant to a 5% significance level, 
but insignificant to a 1% significance level. These results suggest that the changes in strain at damage 
initiation were likely insignificant. Furthermore, there is no correlation between the early onset of AE in 
the vascularized PMCs and lower strength. In the straight channel specimens, the average strain at 
damage accumulation was the same as for the wave channel specimens in both orientations, signaling that 
damage initiates at the same strain for both channel architectures. Interestingly, the strength of the straight 
channel specimens was equal to that of the controls, while a drop was observed for the wave channel 
specimens. The early onset of AE does not directly correlate to reduced strength, indicating other 
mechanisms may be responsible for the reduction in strength in the wave channel specimens. 
2.4.2. Evolution of Damage 
Transmitting light photographs showing damage progression in control, straight channel and wave 
channel specimens are shown in Figure 2.7 and Figure 2.8 for the transverse and longitudinal loading 
orientations, respectively. The dominant damage mechanism observed for all specimens was transverse 
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cracking, indicated by straight, vertical dark lines in the images. As expected, transverse cracking density 
steadily increases with loading. Figure 2.9 contains a representative cross section revealing the transverse 
cracks in a longitudinally loaded wave channel specimen. 
 
Figure 2.7: Damage development in transverse specimens loaded to intermediate stress levels imaged by 
transmitting light photography. Two damage modes were observed: transverse cracking, which shows up as thin 
vertical dark lines in the images, and a repeating pattern of dark regions near the z-fibers tows and channels 
indicative of weft tow cracks near these features. Each image represents a 15 mm x 15 mm area. 
2.4.2.1. Transversely oriented channels 
In the transversely loaded specimens, a repeating pattern of dark regions (spots) develops as stress 
increases (Figure 2.7). The location of these dark spots corresponds to the location of the z-fiber on the 
bottom surface of the specimen, near the light source. These spots initiate at lower stress levels in the 
wave channel specimens compared to either the control or the straight channel specimens. By 250 MPa, 
the dark spots are fully visible in the wave channel specimens, whereas in the other categories they only 
begin to appear in some locations at 350 MPa and then are fully apparent at 450 MPa. Polished cross 
sections taken from the location of these dark spots for all three categories are shown in Figure 2.10. The 
dark regions observed in transmission imaging correspond directly to areas of cracking under weft tows 
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adjacent to the z-fibers (labeled A) and channels (labeled B). In all three categories, interfacial cracking 
between the weft tows and the matrix occurs in the layer adjacent to the z-fiber (A). In the wave channel 
specimens, there are similar but much larger cracks in the weft tows adjacent to the channel (B), in 
addition to those near the z-fiber. 
 
Figure 2.8: Damage development in longitudinal specimens loaded to intermediate stress levels imaged by 
transmitting light photography. Transverse cracking was the only damage mode observed, which shows up as thin 
vertical dark lines in the images. Each image represents a 15 mm x 15 mm area on the sample. 
 
Figure 2.9: Optical micrograph (2.5x lens) of transverse cracking in a longitudinally oriented wave channel 
specimen loaded to 450 MPa. Scale bar represents 1 mm. 
 26 
 
Figure 2.10: Optical micrographs (2.5x lens) of transversely oriented (a) control, (b) straight channel, and (c) wave 
channel specimens loaded to 450 MPa. Cracking was observed under the z-fibers in all specimens (A), while larger 
cracks were additionally observed under the wave channels (B). The loading axis is directed out of the page. Scale 
bar represents 1 mm. 
The cracking in Figure 2.10 is attributed to misalignment of the weft tows caused by the z-fibers and 
channels. As shown in Figure 2.11, the presence of the z-fiber causes a small misalignment in the z-
direction of the adjacent weft tow (approximately 3-6°), while the wave channels lead to a much larger 
misalignment (approximately 11-17°). In addition to the misalignment in the thickness direction there is 
an in-plane misalignment of the weft tows, caused by excessive tension in the SF during processing of the 
PMC (approximately 6-14°) (Figure 2.12). Through geometric analysis of these projections in the x-z and 
y-z planes, we estimate the total misalignment of a weft tow relative to the x-axis as approximately 12°-
21° due to the presence of the wave channels. In contrast, the straight channels do not cause measurable 
misalignment of the weft tows because they fit in the interstitial spacing between the warp tows.  
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The misalignment of the fibers around a wave channel leads to cracking in the adjacent weft tow as a 
result of through thickness stresses that are developed. The fiber curvature in the misaligned region causes 
tensile stress perpendicular to the loading axis due to the tendency of the fiber to realign in the direction 
of loading. More extensive cracking is observed around the wave channels than around the z-fibers. 
Similar observations are made by Huang et al. [53] and Kousourakis et al. [25] in laminate PMC systems 
with vascular channels loaded in compression and tension, respectively. In both of these studies, 
increased fiber misalignment caused by the presence of the channels correlates with larger reductions in 
properties and increased cracking in regions directly surrounding the channel. 
The fiber misalignment induced by the transversely oriented wave channels reduces the tensile 
properties through two interacting mechanisms. First, cracks formed as a result of fiber misalignment 
reduce the load carrying capacity of the PMC locally and generate stress concentrations around the 
cracks. Second, increased fiber misalignment relative to the axis of loading has a detrimental effect on the 
in-plane PMC properties [25,79]. Weft fiber misalignment in wave channel specimens has a more 
significant impact on strength than modulus. 
 
Figure 2.11: Optical micrographs (2.5x lens) comparing weft tow misalignment due to the (a) z-fiber, (b) wave 
channel, and (c) straight channel. Scale bar represents 0.5 mm. 
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Figure 2.12: (Left) The fiber textile containing SFs integrated in a wave shape showing the effect of glass fiber 
crimping due to the SF. (Right) The same preform after being infused with epoxy showing the crimping still remains 
present. Scale bar represents 5 mm. 
Another possible mechanism to explain the reduction in tensile properties for specimens containing 
transversely oriented channels is the presence of local strain concentrations around the channel. Hamilton 
et al. [80] reported that transversely oriented channels in a polymeric matrix cause local strain 
concentrations in the surrounding material. Optical micrographs of specimens loaded up to 100 MPa did 
not show transverse cracks forming near the transversely oriented channels, providing no evidence that 
these stress concentrations lead to cracking near the channel. Fibers surrounding the channel may act as 
reinforcement and prevent crack initiation around the channels. For this reason it is unlikely that stress 
concentrations associated with the channels are the cause of the reduction in properties observed for 
transversely oriented channels. Furthermore, no evidence was found that the removal of matrix material to 
incorporate the channels affects tensile behavior since straight channels did not reduce properties. Rather, 
changes in tensile properties are largely the result of displacement of the glass fibers from the native 
textile architecture. 
2.4.2.2.  Longitudinally oriented channels 
 Damage in specimens loaded longitudinally generally progresses with similar cracking locations and 
density (Figure 2.8), but a notable difference occurs in the 100 MPa images. Transverse cracks are 
apparent in all of the weft (transversely oriented) fiber tows for wave channel specimens, compared to 
occasional cracking in the control and straight channel specimens. This observation was further 
investigated by taking cross-sections of each of these specimens at 100 MPa (Figure 2.13). The cross-
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sections show relatively few cracks in the control and straight channel specimens. In contrast, significant 
cracking is observed in the wave specimen, with cracks concentrated near the weft tows adjacent to the 
channel mirroring the same observations found for transversely loaded wave channel specimens. The 
slight reduction in strength for the longitudinally oriented wave channel specimens is also likely due to 
stress concentrations caused by the misalignment of the fibers tows. 
 
Figure 2.13: Optical micrographs (2.5x lens) of longitudinally oriented (a) control, (b) straight channel, and (c) wave 
channel specimens loaded to 100 MPa. The wave channel specimen shows increased cracking compared to control 
and straight channel specimens. Scale bar represents 1 mm. 
2.5. Summary 
The effect of vascular channels on the in-plane tensile properties and damage progression in a 3D 
orthogonally woven glass/epoxy composite was examined. PMCs with straight and wave shaped channels 
were produced through vaporization of sacrificial PLA fibers and loaded in both longitudinal and 
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transverse orientations to the channel direction. The post-cure process required for removal of the SF had 
no effect on the tensile properties of the PMC material, despite the required post-cure temperature being 
significantly higher than the matrix glass transition temperature. Moreover, vascular channels had a 
negligible effect on the strength, modulus, and damage development when integrated such that no 
misalignment of the reinforcing fibers occurred (i.e. straight channels), regardless of orientation of 
loading. When fiber misalignment resulted due to the placement of channels (i.e. wave channels), changes 
in damage evolution were observed that resulted in modest reductions of strength and modulus that were 
largely statistically insignificant. 
Examination of damage evolution through transmitting light photography and optical microscopy 
revealed no changes in damage development when straight channels were integrated into the PMC due to 
minimal distortion of the fiber textile. In contrast, a higher density of cracks initiated under the crest of 
the wave channels as a consequence of localized fiber misalignment caused by the presence of the wave 
channel. Acoustic emissions revealed damage initiation at lower average strains for all specimens 
containing channels, but the large overlapping error in the data diminished the significance of this 
observation. Overall, the stress concentrations caused by the presence of hollow channels had a minimal 
effect on damage progression in a 3D woven PMC.  
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Chapter 3. Active cooling of a bilayer shape memory alloy-
polymer matrix composite hybrid  
3.1. Introduction 
Future aerospace vehicles call for multifunctional composite materials to survive the enormous 
mechanical and thermal loads developed during hypersonic flights where incident heat fluxes reach 
several hundred kW/m2 [1]. The layered hybrid composite structure shown in Figure 3.1 is an example of 
a multifunctional system designed for such applications. Each layer contributes properties suited to a 
particular task, including the thermal protection of the oxide ceramic, mechanical damping and toughness 
of the shape memory alloy (SMA), and the high strength-to-weight ratio of the polymer matrix composite 
(PMC). However, high temperatures at detrimental levels will develop without an integrated heat removal 
system.  
 
Figure 3.1: (Left) Cross sectional view of the hybrid composite material system designed as a multifunctional 
structural skin for future hypersonic vehicles. (Right) Schematic view of the target layers under consideration in this 
study, including the vascularized SMA and PMC phases, joined by an interphase bonding layer. Figure not to scale. 
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Here, a vascular network is fabricated into each phase of a bilayer shape memory alloy (SMA)-PMC 
hybrid by Vaporization of Sacrificial Components (VaSC). Fabrication of the vascularized SMA was 
conducted by collaborators (Liangfa Hu, Prof. Miladin Radovic, and Prof. Ibrahim Karaman) at Texas 
A&M University (TAMU) and will only be overviewed in this chapter. This bilayer material represents a 
section of the hybrid composite (Figure 1) designed for application in hypersonic vehicles. We evaluate 
the cooling performance of the combined system under incident heat flux up to 300 kW/m2. The effects of 
channel distribution in each phase, coolant flow rate, and coolant media are evaluated. The objective of 
the cooling system is to maintain the temperature in each phase below the temperature threshold for 
deterioration in mechanical properties, ca. 150 °C in the PMC and 500 °C in the SMA. 
The bilayer material is composed of nickel-titanium, a SMA, bonded to glass fiber reinforced epoxy, a 
PMC. Soghrati et al. [39,40] and Phillips et al. [42] demonstrated the effectiveness of active cooling 
through channels in a PMC at minimal channel volume fractions. However, in all cases PMCs were best 
suited for heat fluxes well below 100 kW m-2 due to the relatively low thermal conductivity of the 
material. The SMA layer provides high mechanical damping and toughness through the energy dissipated 
in the large hysteresis loop during a process known as superelasticity [81] and acts as a intermediate layer 
between the PMC and the ceramic-metal composite (CMC), which also contains NiTi. Vascularization of 
the metal provides enhanced cooling compared to the PMC alone due to its higher thermal conductivity. 
The thermal conductivity of the SMA is in the range of 12-16 W/m.K [82] (isotropic) and for the PMC is 
0.4 W/m.K in through-thickness direction [40]. The primary barrier to utilizing active cooling in many 
material systems is fabrication of the vascular network. To manufacture a network into the SMA, the 
VaSC method originally developed for PMCs was adapted by our collaborators by using Mg wires as the 
sacrificial material.  
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3.2. Specimen Manufacture Procedures 
3.2.1. Vascular SMA Fabrication  
The process for fabricating the vascularized SMA specimens is summarized in Figure 3.2(a-c). All 
fabrication of the SMA was done at TAMU by our collaborators. Two layers of the NiTi powder were 
poured into a graphite die, sandwiching 2 or 4 parallel 500 µm diameter Mg wires. The wires were 
manually pushed into the powder after being placed onto the first layer of powder to ensure location. The 
Mg-wire/NiTi was hot compacted in a spark plasma sintering (SPS) system (GT Advanced Technologies, 
Model 25-10). Following SPS, the Mg-wire/NiTi compacts were pressureless sintered under vacuum (10-3 
torr) at 1270 °C in a tube furnace under flowing ultra-high-purity argon; the detailed procedures of 
pressureless sintering are described in Hu et al. [83]. The resulting SMA specimen contained vascular 
channels resulting from the vaporization of the Mg wire.  
Specimens were cut to 22 mm by 27 mm using electrical discharge machining, with the channels 
running along the 27 mm length. Thickness varied from 5.6 to 5.9 mm. Channels were spaced 4 mm apart 
in the four channel specimen and 7 mm apart in the two channel specimen, with channels located 2.0 mm 
from the bottom surface. 
3.2.2. Vascular PMC Manufacture 
3.2.2.1. PMC Manufacture 
Channel fabrication in the PMC is summarized in Figure 3.2(d-f). PMC specimens were manufactured 
from a single layer of 3D orthogonally woven S-2 glass fiber textile (Team Inc.) (Figure 2.1). The SFs 
manufactured using the procedure discussed in section 2.2.1 were positioned in the textile by hand using a 
sewing needle. The sacrificial fibers were placed in the bottom most warp layer between the tows and ran 
straight along the warp tow. No glass fibers were removed to accommodate the sacrificial fibers.  
The textile, including the sacrificial fibers, was infused with EPON 862/EPIKURE W epoxy (mixed 
100:26.4 by mass, Momentive Specialty Chemicals Inc.), using vacuum assisted resin transfer molding. 
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The resin was pre-heated then degassed at 70 °C for 2 h, while the preform was pre-heated to 100 °C. The 
infusion was conducted in a convection oven at 100 °C then the PMC was cured at 121 °C for 8 h, with a 
3 °C min-1 warming rate and a 1 °C min-1 cooling rate. Sacrificial components were removed from the 
PMCs using a VaSC treatment at 200 °C under vacuum for 24 hours. The PMC had an average fiber 
volume of 44.5 ± 1.3 % measured by matrix burn-off.  
Specimens contained three channels placed 7 mm apart and 0.9 mm from the bottom surface. 
Specimens were cut to 22 mm by 27 mm using a diamond bladed wet saw, with the channels running 
along the 27 mm length. PMC thickness was 4.0 mm. 
 
Figure 3.2: Outline of vascular specimen fabrication method for the (a-c) SMA and (d-f) PMC divided into three 
major steps: integration of the vascular template, manufacture of the bulk materials, and removal of sacrificial 
materials to form channels. a) Picture of the Mg wire and the first layer of NiTi powder inside the graphite die (dark 
gray cylinder). b) Schematic of the SPS process used for hot compaction of the NiTi powder and Mg wire. c) 
Schematic of the pressureless sintering and channel formation by evaporation of the Mg wire and a photograph of 
the resulting 500 µm diameter channel within the SMA sample. d) Photograph of the woven glass fiber fabric 
containing PLA/SnOx fibers (woven through thickness for visibility). e) Schematic of the VARTM process used to 
infiltrate the fiber preform with epoxy. f) Schematic of the post-cure process used to remove the sacrificial material 
and an optical micrograph (2.5x lens) of the PMC containing a 500 µm channel. 
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3.2.2.2. Neat Epoxy Specimen Manufacture 
Epoxy sheets were made for thermomechanical analysis of the matrix material using EPON 862 resin 
(Miller-Stephenson) and EPIKURE W curing agent (Miller-Stephenson), mixed in a ratio of 100:26.4 by 
mass. The epoxy was degassed at 70 °C for up to 3 hours, then poured into a 2 mm thick closed mold and 
cured at 121 °C for 8 hours with 3 °C/min heating and cooling rates. To replicate the processing 
conditions for the vascularized PMCs, the epoxy was then placed in a vacuum oven for 24 hours at 200 
°C.  
3.3. Testing and Analysis Procedures 
3.3.1. Active Cooling Characterization 
3.3.1.1. Test Setup 
Active cooling of the hybrid composite was evaluated using the test arrangement shown schematically 
in Figure 3.3. Heat was provided from a heater composed of a copper block measuring 22 mm by 27 mm 
by 15 mm in height containing two 200 W (0.25 in diameter, 1.5 in long) high-temperature cartridge 
heaters (Tutco Heating Solutions Group) spaced 10 mm apart and oriented along the y-axis. The voltage 
supplied to the heater was controlled via a Variac variable transformer (Staco Energy Products Co., Type 
L1010) and measured using a multimeter (Fluke Inc., Model 179), also used to measure the resistance of 
the heaters. The SMA was bonded to the surface of the copper using high temperature cement (Rutland 
Fire Clay Company, Rutland Black). The SMA and PMC specimens were bonded together with a thin 
layer of thermal epoxy (Aavid Thermalloy, Ther-O-Bond 1600-40, thermal conductivity = 0.85 W/m.K). 
The bottom of the heater and sides of the heater and sample were insulated using approximately 25 mm of 
calcium silicate insulation. The top surface of the PMC was open to the atmosphere. 
The average temperature of the free surface was measured using an IR camera (FLIR, Model SC620) 
calibrated to an accuracy of ±2 °C. The free surface was painted flat black to ensure uniform emissivity of 
0.95. The interface temperature between the PMC and the SMA was measured using an E-type 
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thermocouple (Omega Engineering, Model EMQSS-020U) placed in a small hole drilled through the 
thickness of the PMC. The temperature of the heated face of the SMA was measured using a K-type 
thermocouple (Omega Engineering, Model KMQXL-020U) inserted into a 0.50 mm square slot machined 
into the SMA using electrical discharge machining. K-type and E-type thermocouples have an accuracy 
of ±1.1 °C and ±1.0 °C, respectively. Thermocouple data was collected using temperature sensors 
(Phidgets Inc., Model 1048) and recorded using a custom LabVIEW code (National Instruments) at 1 Hz 
continuously.  
 
Figure 3.3: Schematic of the testing setup for thermal evaluation. A reference coordinate axis is given with the y-
direction into the page. PMC and SMA specimens are drawn to scale. The setup measures 22 mm in the x-direction 
and 27 mm in the y-direction. The SMA sample measures 5.6 to 5.9 mm thick and the PMC sample measures 4.0 
mm. Locations for the hole in the PMC for the interface thermocouple and the slot in the SMA for the heated surface 
thermocouple are marked. In each case the thermocouple was located half way along the length of the specimen in 
the y-direction. 
Two coolants were used for testing, including water and polyalphaolefin (PAO) oil (MIL-PRF-87252), 
a dielectric coolant. Coolant was pumped through each channel separately using a peristaltic pump (Cole-
Parmer Masterflex, Model EW-07551-00) to ensure even flow. The coolant supply was maintained at 
room temperature (20-22 °C). The fluid delivery channels were connected to the specimen via 19 gage 
syringe needles inserted into 1 mm diameter, 1 mm deep holes drilled into the ends of each specimen. The 
temperature of the fluid just before and after traveling through the specimen was measured using T-type 
thermocouples (Omega Engineering, Model TMQSS-020U) inserted into the tubing in the center of the 
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flow. T-type thermocouples were rated with an accuracy of ±0.5 °C. Note that the thermocouple accuracy 
is a significant source of error in calculating heat flux removal rate, particularly at high flow rates. 
3.3.1.2. Test Procedure and Analysis 
The heat flux supplied by the heater was calculated from the electrical power supplied, 
 𝑞!" = 𝑉!𝐴𝑅 , (6)  
where 𝑉 is the voltage supplied to the heater, 𝐴 is the cross-sectional area of the heater and specimen (2.2 
x 2.7 cm), and 𝑅 is the resistance of the heater. The heater resistance varied from 38.6 Ω at room 
temperature to 40.0 Ω at heater temperature of 500 °C. The heat removed by active cooling is calculated 
from the change in temperature of the coolant from inlet to outlet (Δ𝑇) as  
 𝑞!"!!  = 𝑚𝑐!Δ𝑇𝐴  , (7)  
where 𝑚 is the total mass flow rate and 𝑐! is the specific heat capacity of the coolant. Variation of coolant 
properties with temperature was calculated using an interpolation of manufacturer’s data for PAO oil and 
tabulated values for water. Thermal data for the coolant at 40 °C and 100 °C is given in Table S1.  
 The supplied heat flux (𝑞!!!), coolant distribution, and flow rate (𝑄, total: 𝑄!) was controlled in each 
test. First, the coolant was pumped through the selected channels, then the heater was turned on. The 
system was allowed to reach a steady state then measurements were recorded. Sample temperatures (𝑇) at 
the free surface, interface, and heated surface as well as the heat flux removal rate by the active cooling 
network (𝑞!"!! ) were recorded. Following this, either flow rate or supplied heat flux was varied. Two to 
three rounds of thermal testing were conducted on each specimen to examine repeatability, cooling the 
system down to room temperature between tests. 
Four testing configurations were evaluated, including either the two or four channel SMA specimen, 
with or without cooling in the PMC. In both cases the PMC was bonded to the SMA and channels were 
present in the PMC whether or not coolant was introduced.  
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3.3.2. Epoxy DMA Testing 
DMA was conducted according to the procedure described in section 2.3.2 to measure the Tg of the 
epoxy. However, the temperature was ramped from 25-200 °C. 
3.4. Results and Discussion 
3.4.1. Dynamic Mechanical Analysis of Neat Epoxy 
Results from DMA testing of the epoxy matrix material for the PMC are shown in Figure 3.4. DMA 
testing reveals a gradual reduction in storage modulus below the Tg of 152 °C followed by a drop of 
almost two orders of magnitude above Tg. The peak in tan(δ) is 160 °C. 
 
Figure 3.4: DMA testing results on a neat epoxy specimen showing the storage modulus (E’), the loss modulus (E’’), 
and tan(δ). 
3.4.2. Active Cooling Results 
3.4.2.1. Comparison of Non-Cooled vs. Actively Cooled System 
Active cooling results in vastly reduced temperatures in the hybrid system compared to the cases 
without cooling (Figure 3.5). For example, the interface temperature exceeds the Tg of the PMC at just 10  
kW/m2 without cooling, while the interface remains near room temperature when the system is actively 
cooled. Under 𝑞!!!= 300 kW/m2, the actively cooled temperatures on the heated surface, interface and free 
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surface were just 179 °C, 98 °C, and 79 °C, respectively. These temperatures are well below the 
maximum service temperature of both materials. Without active cooling PMC would be destroyed and 
NiTi would have substantially changed phase transformation characteristics at 𝑞!!!= 300 kW/m2. 
 
Figure 3.5: Comparison of sample temperatures with and without active cooling as a function of heat flux supplied. 
Active cooling results are shown for the four channel SMA with PMC cooling and 𝑄! = 140 ml min-1 of water. 
Active cooling results represent the average of two rounds of thermal tests, with the error bars equivalent to the 
difference between the tests. Non-active cooling results are shown for a single test. 
3.4.2.2. Effect of Channel Distribution 
Active cooling effectiveness strongly depends on the distribution of the cooling channels within the 
system. Figure 3.6 shows the sample temperature of different locations in the vascular system, heat flux 
removal rate, and free surface temperature profiles from IR imaging for each of the channel 
configurations with equal flow rate in the SMA.  
The four channel SMA cooled more effectively than the two channel SMA, both with and without 
cooling through the PMC. The IR temperature profiles show that the free surface temperature is both 
more uniform and lower when cooling through four channels in the SMA compared to two. The heat flux 
removal rate is also higher for the four channel SMA test cases than their respective two channel SMA 
cases. 
0
50
100
150
200
250
300
350
0 40 80 120 160 200 240 280 320
Heated Surface
Interface
Free Surface
Heated Surface
Interface
Free Surface
Te
m
pe
ra
tu
re
 [°
C]
qs" [kW/m2]
Non-Cooled
Actively Cooled
PMC Tg (152 °C)
 40 
Active cooling through the PMC substantially reduces the temperature at the interface and free 
surface, with only a small change to the heated surface temperature. For the two channel SMA case, the 
addition of active cooling in the PMC reduced the interface temperature below Tg of the PMC. In fact, the 
interface and free surface temperatures were lower in this case than the four channel SMA without PMC 
cooling. For the same flow rate in the SMA, the SMA’s contribution to the heat flux removal rate slightly 
reduces when the PMC is cooled. However, total heat flux removal rate slightly increases from the added 
contribution of the PMC.  
 
Figure 3.6: Comparison of a) the temperatures at three different locations in the vascular system, b) actively cooled 
heat flux removal rate, and c) free surface temperature profiles for each testing configuration. Channel locations are 
marked in the IR images, with the SMA channels shown as dashed lines and the PMC channels as solid lines. 𝑞!!! =  
300 kW m-2 and 𝑄 = 80 ml min-1 in the SMA for all cases. When the PMC was cooled, 𝑄 = 60 ml min-1 in the 
PMC. The coolant was water. Data represents the average of three rounds of thermal tests with error bars equal to 
one standard deviation. The thermocouple wire is visible on the right side of several of the IR images. 
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Figure 3.7 presents an equal total flow rate comparison of sample temperatures and heat flux removal 
rate with and without cooling through the PMC. Free surface temperature showed a similar trend to 
interface temperature, thus it is not shown in the figure. Sample temperatures decrease non-linearly with 
flow rate, with the largest decreases at low flow rate. Heat flux removal rate is fairly flat with a slight 
increase with increased flow rate. Rerouting a portion of the coolant through the PMC causes a small 
increase in the heated surface temperature, but significantly reduces the interface temperature. The heat 
flux removal rate show no notable differences between the cooled and non-cooled PMC within 
experimental scatter. 
 
Figure 3.7: Comparison of sample temperatures at two locations and actively cooled heat flux removal rate with and 
without PMC cooling for the four channel SMA specimen. Flow was distributed equally among the channels in the 
SMA and the PMC. The coolant was water. 𝑞!!! = 300 kW m-2. Data represents the average of two tests, with the 
error bars equivalent to the difference. 
3.4.2.3. Effect of Coolant Media 
The effect of coolant media as a function of total flow rate is revealed in Figure 3.8. Both heated 
surface and interface temperatures are much higher when cooling with polyalphaolefin (PAO) oil than 
with water. When cooling with PAO oil the interface temperature never goes below 200 °C, well above 
the Tg of the PMC at 152 °C. Heat flux removal rates show no significant differences between water and 
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PAO. The difference in cooling performance is attributed to the coolant properties (Table 3.1). PAO oil 
has a lower specific heat capacity and thermal conductivity than water. Lower specific heat capacity 
results in higher fluid temperature for the same level for heat extraction. At 𝑄! = 70 ml/min and 𝑞!!! = 
300 kW/m2, PAO temperature was 134 °C, whereas water temperature was 75 °C for the 4 channel SMA 
with cooled PMC, despite nearly equal heat flux removal rate. In addition, PAO oil’s higher viscosity 
requires more power to pump through the specimen. Therefore, in the present example, water is a more 
effective coolant than PAO oil. 
 
Figure 3.8: Comparison of sample temperatures and the actively cooled heat flux removal rate while cooling with 
water vs. PAO oil as a function of total flow rate through the four channel SMA specimen with PMC cooling. Flow 
was distributed equally among the channels. The coolant was water. 𝑞!!! = 300 kW m-2. Data represents the average 
of two tests, with error bars equal to the difference. 
Table 3.1: Physical properties at 40 °C and 100 °C and maximum use temperature (𝑇!"#) of the two coolants. 
Coolant 
Temperature 
[°C] 
Density 
[kg/m3] 
Specific Heat 
Capacity 
[J/g.K] 
Thermal 
Conductivity 
[W/m.K] 
Viscosity 
[cP] 
Tmax 
[°C] 
Water 
 
40 998 4.18 0.634 0.653 100 
 100 958 4.22 0.680 0.282 
PAO oil 
40 779 2.26 0.141 4.04 158 (Flash 
Point) 100 738 2.47 0.135 1.27 
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3.5. Summary 
Cooling channels were fabricated in each phase of a bilayer shape memory alloy (SMA)-polymer 
matrix composite (PMC) hybrid material using Vaporation of Sacrificial Components (VaSC). A 
previously reported sacrificial material composed of poly(lactic acid)/tin(II) oxalate fibers was used for 
the PMC. For the SMA, a new approach using Mg wire as the sacrificial material was developed by our 
collaborators at TAMU and shown to successfully create the channels.  
Active cooling dramatically reduced the sample temperatures in the vascularized bilayer hybrid 
material. Without active cooling the specimen only sustained a heat flux of 10 kW/m2 before the 
temperature in the PMC exceeded Tg. In contrast, the actively cooled specimen maintained the PMC 
temperature below Tg through 300 kW/m2 heat flux. Active cooling was more effective when coolant was 
distributed through more channels in the SMA specimen, with the four channel SMA specimen 
outperforming the two channel specimen. Distributing some of the coolant through channels in the PMC 
reduced interface temperature, even for the same total coolant flow rate through the system. Cooling with 
water resulted in lower sample temperatures than cooling with PAO oil.  
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Chapter 4. Retention of mechanical performance of polymer 
matrix composites above the glass transition temperature by 
vascular cooling 
4.1. Introduction 
Several studies have demonstrated reduced temperature in actively cooled PMCs [38–42]. However, 
none of these prior studies have examined thermomechanical performance during active cooling. In this 
study we demonstrate the effectiveness of active cooling through a vascularized PMC to reduce 
temperature and maintain structural performance while subject to a convective environment at 
temperatures greater than Tg. Flexural testing of vascular specimens in an environmentally controlled 
chamber was carried out. The vascular PMC is composed of a three-dimensional orthogonally woven 
glass fiber textile infused with epoxy and vascularized using VaSC. PMCs containing channels at the 
mid-plane (i.e. mid-plane channels – “MPC”) and those containing channels at the surfaces (i.e. surface 
channels – “SC”) are compared. Both architectures were tested with active cooling using water for a 
variety of flow rates in the laminar regime and environmental temperatures up to 325 °C. Simulations are 
used to validate experimental measurements and gain further insight into the relationship between active 
cooling parameters and temperature field.  
The results from this chapter have been published in the journal Composites Part A: Applied Science 
and Manufacture [73]. 
4.2. Specimen Manufacture Procedures 
4.2.1. PMC Specimen Manufacture 
PMC specimens were manufactured from a three-dimensional orthogonally woven S2 glass fiber 
textile with an areal density of 4.07 kg/m2 (TEAM Inc.), show schematically in Figure 4.1. The SFs 
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manufactured using the procedure discussed in section 2.2.1 were positioned in the textile by hand using a 
sewing needle. Resin was infused into the glass/SF preform using a double bag vacuum assisted resin 
transfer molding (VARTM) technique. EPON 862 resin (Miller-Stephenson) and EPIKURE W curing 
agent (Miller-Stephenson) were mixed in a ratio of 100:26.4 by mass and degassed at 70 °C for 2-3 hours. 
During this time the layup was pre-heated to 100 °C in a convection oven to facilitate a warm infusion, 
reducing viscosity and aiding infiltration. Following infusion, the vacuum line to the inner bag was closed 
off and the layup was heated at 3 °C/min to 121 °C and cured for 8 hours before cooling down at 1 
°C/min to room temperature. Sacrificial components were removed from the PMCs using a VaSC 
treatment at 200 °C under vacuum for 24 hours. The post-cure caused slight browning of the matrix 
material which was attributed to mild oxidation of the resin. The PMCs had an average fiber volume of 
44.5 ± 1.3% as measured by matrix burn-off. Thickness of the final PMCs ranged from 3.5-3.8 mm. 
 
Figure 4.1: Vascular PMC specimens and channel architectures. The textile is the same as in Figure 2.1. (a) Mid-
plane channel (MPC) architecture contains four channels located at the mid-plane of the sample yielding a total 
channel volume fraction of Vc = 1.5%. (b) Surface channel (SC) architecture contains four channels located at each 
surface of the sample yielding a total channel volume fraction of Vc = 3.0%. 
PMC panels were cut to approximate size using a water cooled diamond saw and finished to 100 mm 
x 16 mm specimens using an end-mill, with the warp direction positioned along the long (y) axis. Prior to 
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testing, all PMCs were coated with high temperature black paint (Zynolyte Z635) to ensure uniform 
emissivity of the surface. 
Three types of specimens were manufactured: those containing channels at the mid-plane (MPC, 
Figure 4.1a), those containing channels near the top and bottom surfaces (SC, Figure 4.1b), and control 
specimens with no channels. Specimens containing no channels were used as non-cooled controls. MPC 
specimens were designed to maximize flexural modulus by placing the channels at the neutral axis of the 
specimen. SC specimens were designed to maximize cooling effectiveness by placing the channels near 
the boundaries of the PMC and distributing the flow through more channels.  
4.2.2. Neat Epoxy Specimen Manufacture  
Epoxy sheets were made for thermomechanical analysis of the matrix material based on the procedure 
discussed in section 3.2.2.2. 
4.3. Testing and Analysis Procedures 
4.3.1. Characterization of Actively Cooled PMCs 
4.3.1.1. Test Setup 
Mechanical performance of the active cooled specimens was evaluated using a four-point bend test 
inside of an environmental chamber while coolant was circulated through the specimen (Figure 4.2). A 
flexural test was chosen primarily because it allowed for simple attachment of the coolant delivery system 
to the specimen. All testing was performed on an electromechanical testing frame (Instron, Model 5984) 
equipped with a four-point bending fixture (Instron, Model 2810-400). Load was measured using a 5 kN 
load cell (Instron, Model 2580), and strain was measured from center point deflection using a video 
extensometer (Instron, Model 2663-821) with a 60 mm field of view. Heat was delivered by an 
environmental chamber (Instron, Model 3119-410), which provided convectively heated airflow, as well 
as conduction from contact with the bending fixture.  
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Figure 4.2: Active cooling test set-up. a) Schematic of active cooling test concept. Heat is removed by coolant 
pumped through the channels at a constant rate, reducing the temperature of the PMC and improving mechanical 
properties. Heat is supplied convectively by the environmental chamber and conductively by the test fixtures. A 
coordinate axis is included for reference, with the origin centered on the inlet face. b) Photograph of the test setup 
inside the environmental chamber showing the placement of the specimen, test fixture, and the coolant delivery 
system. 
Coolant was pumped through each channel independently in actively cooled specimens using a 
peristaltic pump (Cole-Parmer, Model EW-07551-00), ensuring equal flow in each channel. Tap water 
stored at room temperature was used as coolant and was not recirculated to ensure constant supply 
temperature. Fluid was delivered via 1/4 inch OD, 1/8 inch ID silicone rubber tubing connected to the 
channels using 21 gage stainless steel syringe tips linked by low contraction, high temperature heat shrink 
tubing (fluorinated ethylene propylene). One syringe tip was connected to the silicone tubing, while the 
other was inserted 2-3 mm into a hole drilled in the end of the channel and sealed with epoxy adhesive (J-
B Weld epoxy). The heat shrink tubing was sufficiently flexible to prevent mechanically constraining the 
specimen motion during testing. The delivery setup was insulated with glass wool wrapped in aluminum 
foil to minimize heating of the fluid prior to delivery into the specimen.  
The fluid temperature was measured near the inlet and outlet of the specimen using type T 
thermocouples (Omega Engineering, Model TMQSS-020U) inserted into 4 of the 8 tubing connections. 
All four channels were monitored for the MPC specimens and the top four in the SC specimens (which 
were independently verified to provide similar data to the bottom four channels). Thermocouples were 
inserted into a hole drilled in a 1/8” straight barbed polycarbonate fitting and positioned in the middle of 
the flow path then sealed with epoxy adhesive. Thermocouple data was collected using several four-input 
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temperature sensors (Phidgets, Model 1048) and recorded using a custom LabVIEW code (National 
Instruments) at 1 Hz continuously.  
Specimen temperature was measured using type E thermocouples (Omega Engineering, Model 
EMQSS-020U) placed as shown in Figure 4.3. Surface thermocouples were held in place using a small 
amount of epoxy adhesive (J-B Weld). The internal thermocouple was inserted into a small hole of the 
same diameter drilled into the specimen and sealed in place with epoxy. Temperature was collected using 
the same data acquisition method used to record fluid temperature. 
 
Figure 4.3: Thermocouple locations in actively cooled PMCs. Top surface thermocouples (T1-5) were placed at (x, 
y, z) = (0, y, 1.75) where y = 5, 40, 50, 60, and 95. One each was placed on the front (F) and rear (R) edge of the 
specimen at (x, y, z) = (±8, 50, 0). One thermocouple was placed inside (I) of the specimen at (x, y, z) = (0, 60, 0) to 
measure the internal temperature and one on the bottom (B) surface at (x, y, z) = (0, 40, -1.75). Dashed lines indicate 
thermocouples that are not located on the visible surface in the given view. Dimensions are in mm. 
4.3.1.2. Test Procedure 
Actively cooled test conditions are summarized in Table 4.1. MPC specimens containing 4 channels 
and SC specimens containing 8 channels were evaluated at flow rates of 5, 10, 20 and 40 mL/min per 
channel. Total flow rate for each architecture differed based on the total number of channels. The 
Reynolds number was < 2300 for all flow rates, indicating laminar flow (see section 4.3.1.3 for 
calculation of Reynolds number).  
For thermomechanical testing, samples were evaluated in four-point bending according to ASTM 
D7264. The outer span was 80 mm and the inner span was 40 mm. Tests were performed at a constant 
displacement rate of 1 mm/min to a maximum strain of 0.21% to avoiding damage to the specimen and 
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allow for multiple tests of the same specimen at different temperatures and flow rates. Tests were 
conducted at four elevated temperature conditions in succession (175 °C, 225 °C, 275 °C, and 325 °C) 
according to the protocol shown in Figure 4.4 in order to achieve steady state conditions. Following a 
complete round of testing (to 325 °C) the oven was cooled naturally to room temperature and the process 
was repeated at the next flow rate. No deformation or changes in room temperature flexural modulus were 
observed in the specimens after each testing cycle. Three specimens were tested for both vascular 
architectures.  
Table 4.1: Channel flow rate, total flow rate and Reynolds Number for MPC and SC specimens. Note: a Reynolds 
number range calculated using Eq. (6) based on the coolant temperature at the inlet and outlet. 
  Channel Flow Rate [mL/min] 
  5 10 20 40 
Mid-Plane Cooled 
(4 Channels) 
Total Flow Rate 20 40 80 160 
Reynolds Numbera 242-653 451-842 864-1249 1687-2102 
      
Surface Cooled 
(8 Channels) 
Total Flow Rate 40 80 160 320 
Reynolds Numbera 246-546 450-743 844-1148 1629-1987 
 
Separate tests were conducted for thermal characterization of the specimens using embedded 
thermocouples as specified in Figure 4.3. The environmental temperature was again increased 
sequentially (175 °C, 225 °C, 275 °C, and 325 °C), but at each temperature all flow rates (5-40 ml/min) 
were tested to expedite testing. Results using this protocol were compared to results from the protocol 
used for mechanical testing, and no differences in specimen temperature were found. Again, three tests 
were performed for each vascular architecture. 
4.3.1.3. Data Analysis 
Flexural modulus was calculated as the secant modulus from 0.1-0.2% maximum flexural strain. The 
retained flexural modulus (RFM) was calculated as 
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 RFM = 𝐸 𝑇∗𝐸 𝑇!"  (8) 
where 𝐸 𝑇!"  is the room temperature flexural modulus and 𝐸 𝑇∗  is the flexural modulus at 𝑇∗  = 
environmental temperature of the chamber. Both temperatures are in °C. The total heat removal rate was 
calculated as 
 𝑞 = (𝑄𝜌𝑐!Δ𝑇)!!!! !" !  (9)  
where Q is the volumetric flow rate of the coolant in each channel, 𝜌 is the density of the fluid, 𝑐! is the 
specific heat capacity of the fluid, and Δ𝑇 is the change in fluid temperature from inlet to outlet for each 
channel. n is the number of channels and is equal to 4 for the MPC specimens and 8 for the SC 
specimens. Density and specific heat capacity were taken from tabulated data using average fluid 
temperature based on inlet and outlet fluid temperature. The total pumping power is equal to  
 𝑃 = 𝑄∆𝑝 !!!! !" !  (10) 
where Δp is the pressure drop through each channel. The pressure drop for each channel was evaluated 
from the Hagen-Poiseuille relation for laminar flow as 
 ∆𝑝 = 128𝜇𝐿𝑄𝜋𝐷! , (11) 
where L and D are the channel’s length and diameter, respectively, and µ is the dynamic viscosity of the 
coolant. The temperature dependence of dynamic viscosity of water is approximated using the Seeton 
relation [84] 
 𝜇 = 0.02414×10 !"#.!!!!!"#, (12) 
where the viscosity is measured in centipoise and Tf  (K) is the temperature of the coolant. Again, the 
average value of the inlet and outlet temperature was used. The Reynolds number was calculated based on 
channel diameter as  
 𝑅𝑒! = 𝜌𝑄𝐷𝜇𝐴 , (13) 
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where A is the channel’s cross sectional area. 
 
Figure 4.4: Typical temperature profiles for thermomechanical testing of actively cooled specimens, which were 
tested at four different environmental temperatures in succession. The oven set temperature, the actual 
environmental temperature, and the surface temperature of a typical actively cooled specimen are compared, 
showing the time required to reach steady state. Actual environmental chamber temperature was measured by an E-
type thermocouple suspended near the test region. Actively cooled specimen temperature was measured by an E-
type thermocouple touching the specimen surface. 
4.3.2. Characterization of Control and Non-Cooled Vascular PMCs 
4.3.2.1. Room Temperature Testing 
Control and vascular PMCs were tested without coolant in four-point bending according to ASTM 
D7264 at room temperature and flexural modulus was recorded. Eight specimens of each type were 
tested. Analysis of variance (ANOVA) was conducted to test for statistically significant differences and a 
5% significance (critical p-value = 0.05) level was chosen for evaluation.  
4.3.2.2. High Temperature Testing 
Controls samples (no channels) were also tested at temperatures up to 325 °C for comparison to 
actively cooled vascular PMCs. Five specimens were tested at each temperature, except for the 325 °C 
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test, where only one specimen was tested. A minimum of 10 minutes was allowed at each testing 
temperature for equilibration before beginning mechanical testing. 
4.3.3. Epoxy DMA and TGA Testing 
DMA was conducted according to the procedure described in section 2.3.2 to measure the 
thermomechanical behavior of the neat epoxy matrix. However, the temperature was ramped from 25-200 
°C.  
 Thermogravimetric Analysis (TGA) was also conducted to measure thermal stability of the epoxy. 
Small samples of epoxy (5-10 mg) were tested by TGA (Mettler Toledo, Model TGA/DSC 1) from 25-
600 °C at a heating rate of 10 °C/min. Tests were conducted in a mixed air/nitrogen environment, with 
flow rates of 35 mL/min for each. Air was included to simulate the environment experienced by the PMC 
specimens in the environmental chamber and allow for oxidation in the degradation process. Two tests 
were run for both DMA and TGA to confirm repeatability. 
4.3.4. Simulation of Heat Transfer and Temperature Fields 
The thermal performance of the actively cooled PMC at steady-state was simulated using a 
commercial computational fluid dynamics software package, ANSYS Fluent v15.0. The model included 
the entire microvascular PMC sample, but not the coolant delivery system or the flexure fixture. Two 
versions of the model were created to include both the MPC and SC samples. Sample geometry was 
based on the experimental setup shown in Figure 4.2 and the dimensions given in section 4.2.2. A sample 
thickness of 3.5 mm was modeled. Fluid properties matched those used in the experimental analysis. 
Thermal conductivity of the PMC was calculated using the procedure explained in 4.3.4.1 and making use 
of existing conductivity models for woven textiles [34,35]. The thermal conductivity of the water was 
taken as kw = 0.600 W/m K. 
As in the experiment, water was distributed evenly through each of the channels along the y-direction. 
Fluid flow rate and environmental temperature were chosen to match the values used for the experiment. 
Inlet water temperature was set to the value measured during the experiment to eliminate the need to 
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model the heating of the fluid in the coolant delivery system. Heat was provided to the specimens by a 
combined uniform convection and radiative heating on all surfaces of the sample. The convection 
coefficient was chosen to best fit both the heat removal rate and temperature field measured during the 
experiment. In this way, the convection coefficient took into account both sample heating from the air and 
from contact with the fixture. A value of h = 130 W/m2 K was used for all tests. The emissivity of the 
sample surface was set to 0.95, based on the emissivity of the black paint applied to all samples. 
A conforming, hexahedral finite volume mesh was generated to simulate the MPC and SC samples 
using ANSYS Meshing v15.0. The MPC mesh contained 91,200 fluid elements and 159,000 solid 
elements and the SC mesh contained 182,550 fluid elements and 229,950 solid elements. More elements 
were used in the SC mesh to provide sufficient resolution of the mesh around the additional channels. 
Temperature at steady state was not appreciably changed by using meshes with either more and less 
elements (see Table 4.2 for the MPC model). Simulations were performed in ANSYS Fluent using the 
SIMPLE pressure-velocity coupling scheme, Green-Gauss node-based gradient discretization, second-
order pressure discretization, third-order MUSCL momentum discretization, and third-order MUSCL 
energy discretization. The model solved for the conversation of mass, momentum and energy for an 
incompressible Newtonian fluid with laminar flow. The convergence criteria were for velocity and 
continuity residuals to reach 10-4 and energy residuals to reach 10-8. 
Table 4.2: Average PMC temperature and average coolant outlet temperature as a function of total number of 
elements for the MPC sample simulations. The ratio of solid to fluid elements was held constant. 
Number of Elements 
Average Coolant Outlet 
Temperature [°C] 
Average PMC 
Temperature [°C] 
84000 28.67 152.95 
250200 28.67 153.05 
517050 28.65 153.39 
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4.3.4.1. Estimation of Thermal Conductivity 
In-plane and transverse thermal conductivities of the three-dimensional woven glass fiber/epoxy 
composite were calculated using the following procedure. The textile shown in Figure 4.1 is modeled as a 
[90/0]s composite, to take into account the difference in tow spacing that leads to nearly equivalent fiber 
content in the warp and weft directions. Based on this assumption, the in-plane thermal conductivity is 
 𝑘! = 𝑘! = 1 2 𝑘! + 1 2 𝑘!, (14) 
where kl is the thermal conductivity of a unidirectional composite in the direction longitudinal to the fibers 
and kt is the thermal conductivity transverse to the fibers. The out-of-plane thermal conductivity is 
 𝑘! = 𝑘!. (15) 
The longitudinal thermal conductivity is then calculated [85] as 
 𝑘! = 𝑘!𝑉! + 𝑘! 1 − 𝑉!  (16) 
and the transverse thermal conductivity is calculated [86] as 
 𝑘! = 𝑘! !!!!!!!! !!!!!!!!!!!!! !!!!! . (17) 
Here km and kf are the thermal conductivities of the matrix and fiber, respectively. The matrix conductivity 
is 0.23 W/m K and the fiber conductivity is 1.45 W/m K [40]. Vf  is the fiber volume fraction, which was 
assumed uniform throughout the PMC and equal to 0.445. The resulting in-plane thermal conductivity is 
kx = ky =0.609 W/m K and out-of-plane is kz = 0.450 W/m K. 
4.4. Results and Discussion 
4.4.1. Effect of Vascularization on Flexural Modulus at Room Temperature 
Room temperature flexural test results are presented in Table 4.3. No statistically significant 
difference in flexural modulus was found (p-value = 0.0503 from ANOVA). No appreciable difference in 
average modulus was measured between the non-vascular controls and MPC specimens, as expected. A 
slight reduction is reported for SC specimens although it is well within experimental scatter. 
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Table 4.3: Flexural modulus at room temperature for control and vascularized PMCs. Error bounds represent one 
standard deviation based on the results of eight tests. 
 
Sample Type 
Number of 
Samples Tested 
Flexural Modulus 
[GPa] 
Controls (No Channels) 8 17.1 ± 0.35 
MPC (Mid-Plane Channels) 8 17.0 ± 0.52 
SC (Surface Channels) 8 16.5 ± 0.43 
 
4.4.2. Thermomechanical Behavior of Neat Epoxy 
DMA testing reveals a gradual reduction in storage modulus below the Tg of 152 °C followed by a 
drop of almost two orders of magnitude above Tg (Figure 4.5a). The peak in tan(δ) is 160 °C. Mass loss 
was detected by TGA as early as 200 °C and reached 3 wt% by 325 °C (Figure 4.5b). A sharp drop in 
mass is noted at roughly 360 °C. 
 
Figure 4.5: Thermal and mechanical characterization of the epoxy matrix. (a) DMA testing results showing the 
storage modulus (E’), the loss modulus (E’’) and tan(δ). (b) TGA testing results in an air/nitrogen environment (flow 
rates of 35 mL/min for each). 
4.4.3. Thermomechanical Behavior of Actively Cooled PMCs 
Active cooling of PMCs leads to vastly improved mechanical performance at high temperature 
(Figure 4.6a). For SC specimens nearly 90% RFM is achieved at 325 °C environmental temperature with 
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a total coolant flow rate of 160 ml/min. In stark contrast, control specimens possess no structural capacity 
at the same temperature and show a sharp drop in flexural modulus when the environmental temperature 
approaches the Tg of the matrix. Actively cooled PMCs have a small change in properties near Tg and only 
a modest decrease in flexural modulus over the entire range of temperatures tested.  
 The effect of vascular architecture on RFM is also revealed in Figure 4.6a. SC specimens retained 
higher flexural modulus than MPC specimens at the same total coolant flow rate. Given that the SC 
architecture distributed the coolant closer to the surface, this configuration is more effective at cooling the 
specimen (see Figure 4.7) and results in higher retention of flexural modulus. 
 The effect of flow rate on RFM is presented in Figure 4.6b. In both SC and MPC architectures 
increasing total coolant flow rate leads to higher retained modulus. Importantly, the SC architecture is 
more effective compared to MPC at all flow rates tested. Even the lowest flow rate tested for the SC 
architecture (40 ml/min) outperforms the MPC architecture at the highest flow rate (160 ml/min). These 
results emphasize the crucial role that the vascular architecture plays in maximizing cooling effectiveness. 
Increasing flow rate eventually becomes less effective in either architecture as the coolant traverses the 
channels too quickly to extract additional heat (see Figure 4.10). 
 
Figure 4.6: Retained flexural modulus (RFM) as a function of a) environmental temperature with a coolant flow rate 
of 160 mL/min and total coolant flow rate in a 325 °C environment. b) Control specimens (no microchannels) in (a) 
were thermally degraded at 325 °C and retained no flexural capacity. Error bars represent one standard deviation. 
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4.4.4. Temperature of Actively Cooled PMCs 
Temperature of the actively cooled PMCs is influenced by channel architecture, coolant flow rate, 
and environmental temperature. The average top surface temperature for all test conditions is reported in 
Figure 4.7. Under maximum cooling (SC at 320 mL/min), the top surface temperature was reduced to 
151°C (ca. 40% of environmental temperature) in the 325 °C environment. The SC architecture cooled 
more effectively than the MPC architecture at all environmental temperatures and for all flow rates. For 
both architectures, the relation between surface temperature and flow rate is non-linear, with the surface 
temperature gradually leveling off as flow rate is increased.  
 
Figure 4.7: Average surface temperature (𝑇!"#$%&'!"# ) for vascular specimens for all testing conditions. (a) Top surface 
temperature as a function of environmental temperature for a fixed total flow rate of 160 mL/min. (b) Top surface 
temperature as a function of total coolant flow rate for a fixed environmental temperature of 325 °C. Error bars 
represent one standard deviation. 
Figure 4.8 shows the temperature distribution in a 325 °C environment for both MPC and SC 
specimens at 160 mL/min flow rate. The top surface temperature (T1-5) shows no evidence of the 
increase in coolant temperature along the y-direction (ca. 10 °C rise, see Figure 4.10). Non-uniform 
heating from variations in the airflow currents and contact with the fixtures may have obscured the effect 
of increasing coolant temperature on surface temperature. The bottom thermocouple (B) measured 
temperatures nearly identical to the corresponding top thermocouple (T2) for both MPC and SC 
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specimens. The internal thermocouple (I) measured a lower temperature than the corresponding top 
surface thermocouple (T4), indicating non-uniform temperature through the thickness. Interestingly, the 
surface temperature of both MPC and SC specimens was at or above Tg in the 325 °C environment. 
However, internal temperature of the SC specimens was reduced to just 96 ± 7 °C in the 325 °C 
environment under 160 mL/min total flow rate. The temperature of the MPC specimens in the same 
location was only reduced to 130 ± 7 °C, much closer to Tg. The highest temperatures for both 
architectures were observed at the front and rear edges of the specimen due to limited cooling at these 
boundaries. The airflow direction (front to back) led to a higher temperature on the front edge (x = -8 
mm) than the rear edge (x = 8 mm). 
 
Figure 4.8: Temperature distribution for actively cooled specimens. Temperature (a) along the x = 0 plane and (b) 
along the y = 50 mm plane for actively cooled PMCs in a 325 °C environment at a total flow rate of 160 mL/min. 
See Figure 3 for detailed description of thermocouple location. Error bars represent one standard deviation.  
4.4.5. Heat Removal Rate by the Active Cooling Network 
The total heat removal rates are given in Figure 4.9. Active cooling at maximum flow rate for SC 
specimens removed 120 W of heat in a 325 °C environment. In general, heat removal rates increased 
linearly as a function of environmental temperature and flow rate (Figure 4.9). SC specimens removed 
more heat than MPC specimens for all flow rates tested and environmental temperatures. Heat removal 
rate depended explicitly on the temperature differential of the coolant from inlet to outlet. Figure 4.10 
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shows the temperature of the coolant at the inlet and the outlet as a function of the total flow rate in a SC 
specimen in a 325 °C environment. Both inlet and outlet temperatures converged at higher flow rates, 
although heat removal rate continued to increase linearly for the flow rate range tested (Figure 4.9b).  
 
Figure 4.9: Heat removal rate (q) for vascular specimens for all testing conditions. (a) Heat removal rate as a 
function of environmental temperature for a fixed total flow rate of 160 mL/min. (b) Heat removal rate as a function 
of total coolant flow rate for a fixed environmental temperature of 325 °C. Error bars represent one standard 
deviation.  
 
Figure 4.10: Coolant temperature (Tcoolant) at the inlet and outlet of the SC specimens as a function of total flow rate 
in a 325 °C environment. Error bar represent one standard deviation. 
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4.4.6. Pumping Power Considerations on Active Cooling 
Active cooling effectiveness was shown to depend on both architecture and flow rate. Increasing the 
total flow rate and dispersing the flow through more channels placed near the surface improved active 
cooling effectiveness, but with the penalty of increased pumping power. Figure 4.11 shows the RFM as a 
function of total pumping power. While increased pumping power provided modest benefits initially, 
RFM was nearly constant at high pumping powers. This trend was more dramatic than when comparing 
RFM to flow rate because pumping power increases with the square of the flow rate. Selection of an 
appropriate flow rate based on the total heat load and target temperature is important for minimizing 
wasted energy as a result of excessive pumping power. SC specimens had higher RFM than MPC 
specimens with respect to pumping power, indicating that dispersing the flow through more channels 
placed near the surface was more energy efficient. 
 
Figure 4.11: RFM of actively cooled PMCs in a 325 °C environment as a function of total pumping power to 
circulate the fluid. Error bars represent one standard deviation. 
4.4.7. Experimental Results vs. Simulation  
 Simulation results are compared to experimental data in Figure 4.12 and Figure 4.13, showing good 
agreement. Figure 4.12 compares the average top surface temperature and heat removal rate as a function 
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of total flow rate through the mid-plane cooled specimen. All simulation results fall within the error bars 
for the experiment. Similar trends were found for the SC simulation. Figure 4.13 compares the point-by-
point temperature distribution throughout the MPC specimen at an environmental temperature of 325 °C 
and total flow rate of 160 ml/min. Along the x = 0 plane, most points fall within the experimental error. 
The simulation results show that the temperature should steadily increase along the top surface from inlet 
to outlet as the coolant temperature increases. This trend was not observed during the experiment however 
and we attribute this to variations in air currents within the convective oven and contact with the sample 
loading fixture. Along the y = 50 mm plane, good agreement occurs for the top surface, but the front side 
shows significant differences. Again, this is likely due to differences in convection over the sample 
surface within the oven. These results indicate that the convective coefficient is significantly higher on the 
front edge of the sample.  Nevertheless, the overall thermomechanical behavior and main conclusions are 
unaffected.  
 
Figure 4.12: Average top surface temperature (𝑇!"#$%&'!"# ) and heat removal rate (q) as a function of total flow rate 
compared for the model and experimental results at an environmental temperature of 325 °C. Results are shown for 
the MPC specimens. Error bars for experimental data represent one standard deviation.  
180
200
220
240
0
20
40
60
80
100
120
0 50 100 150
Simulation
Experiment
Simulation
Experiment
q 
[W
]
Total Flow Rate [ml/min]
Temperature Heat Removal Rate
T s
ur
fa
ce
av
g
[°C
]
 62 
 
Figure 4.13: Temperature distribution in actively cooled specimens compared for the model and experimental 
results. Temperature (a) along the x = 0 plane and (b) along the y = 50 mm plane for actively cooled PMCs in a 325 
°C environment at a total flow rate of 160 mL/min. See Figure 3 for detailed description of thermocouple location. 
Error bars for experimental data represent one standard deviation. 
4.4.8. Through-Thickness Temperature Profiles 
 The cross-sectional temperature profiles from simulation are shown in Figure 4.14 for the MPC and 
SC samples for an environmental temperature of 325 °C and at each value of total flow rate. Local to each 
channel the temperature is reduced significantly and the center of each specimen is significantly cooler 
than the outer surfaces. Placement of the channels near the surface in the SC sample results in greatly 
reduced temperature throughout the thickness relative to the MPC sample. Increased flow rate decreases 
temperature throughout the cross section and, importantly, reduces the portion of the specimen above Tg. 
However, even at the lowest flow rate for the MPC case, a significant portion of the specimen is still 
below Tg, providing material with sufficient modulus to sustain the flexural load.  
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Figure 4.14: Temperature profiles along the y = 50 mm plane from simulation results for the MPC and SC samples 
in a 325 °C environment at each value of total flow rate tested during experiments. Tg is marked on the temperature 
map. The edge of each channel is marked by black circles. 
4.5. Summary 
In this study, the thermomechanical behavior of actively cooled vascularized PMCs was examined 
during a four-point bending test in a convectively heated chamber. Structural performance of actively 
cooled specimens was dramatically improved compared to non-cooled controls. Actively cooled 
specimens retained up to 90% of their room temperature flexural modulus at 325 °C. In contrast, non-
cooled control specimens showed a sharp reduction in flexural modulus above glass transition 
temperature and complete loss of structural capability at 325 °C. Improved structural performance in 
actively cooled specimens resulted from heat removal and the corresponding decrease in material 
temperature. Thermal testing indicated non-uniform temperature in actively cooled specimens. Surface 
temperature rose above Tg for both architectures in the 325 °C environment, while the internal 
temperature was maintained below Tg. However, even in these cases only modest reductions in the 
structural performance occurred. Flexural modulus increased and PMC temperature decreased non-
linearly as a function of flow rate, with the greatest performance improvement at low flow rates. Heat 
removal rate also increased with flow rate but showed a more linear trend. Surface cooled PMCs 
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outperformed mid-plane cooled PMCs throughout testing, even when pumping power was taken into 
account, indicating the importance of channel architecture on cooling performance.  
Simulations of the heat transfer showed good agreement with experimental measurements for both 
temperature and heat removal rates. Temperature profiles of the actively cooled specimens from 
simulation confirmed the presence of a temperature gradient, with the highest temperatures on the surface 
and reduced temperature near the channel walls. In all cases, a portion of the actively cooled specimens 
was maintained below Tg, allowing for the specimen to retain mechanical performance (flexural modulus) 
in comparison to samples that were not cooled. 
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Chapter 5. Enhanced PMC life under sustained 
thermomechanical loading by active cooling 
5.1. Introduction 
Survivability of PMCs under thermomechanical loading is commonly assessed by measuring time-to-
failure under sustained one-sided heating and either compressive or tensile loading below the room 
temperature strength [87–91,11,92]. Heat is typically applied by either a torch or a radiative heater with 
heat fluxes in the range of approximately 10-100 kW/m2 to match the heat generated by structural fires 
[92]. Below a threshold thermomechanical load failure does not occur. Above this threshold loading, the 
time-to-failure reduces with higher applied heat flux and mechanical load. Failure is dominated by creep 
in the low heat flux regime and may occur on the order of hours after the application of load. In contrast, 
failure is dominated by matrix flow and decomposition in the high heat flux regime and occurs on the 
order of just a few minutes [87,88]. Compressive (vs. tensile) loading causes failure to occur more 
quickly as the reduction in matrix shear stiffness at elevated temperature leads to local instability and a 
buckling mode of failure [87,91].  
The objective of this study is to examine the survival of laminated carbon fiber/epoxy composites 
under simultaneous radiant heating and compressive loading while being actively cooled. Time-to-failure 
of actively cooled and non-cooled control specimens is compared in a constant load, edge-supported 
compression test with heat flux in the range of 5-75 kW/m2 applied to one face of the specimen. 
Compressive loads were applied in the range of 100-250 MPa and represent typical service loads 
corresponding to 12-29% of the estimated composite strength (ca. 850 MPa based on a first-ply failure 
analysis using Classical Lamination Theory and Maximum Stress Theory) at room temperature. Infrared 
(IR) thermography on the non-heated face is used to study the distribution of temperature, while heat 
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removal rate is monitored by measuring the change in fluid temperature. The effect of applied heat flux, 
compressive load, channel spacing, channel depth from the heated face, and coolant flow rate is reported. 
5.2. Specimen Manufacture Procedures 
5.2.1. Sacrificial Fiber Synthesis 
 SFs were manufactured from poly(lactic acid)/tin(II) oxalate catalyst pellets (3% catalyst by weight) 
(CU Aerospace) using a lab-scale melt spinning apparatus according to the procedure described by 
Gergely et al. [93]. Prior to spinning, the pellets were dried at 70° C overnight. The pellets were loaded 
into the extruder chamber and allowed to melt at 175° C for 45 min. The melted material was then 
extruded through a 1.25 mm spinneret at approximately 5.5 g/min and cooled as it travelled to the take-up 
reel. The fiber take-up reel (88 mm diameter) was rotated at 41 rpm, which stretched the fibers to obtain a 
diameter of 650 µm. The fibers were then drawn down to 360 µm at 80° C on a continuous drawing 
machine (drawing performed by CU Aerospace). 
5.2.2. Survivability Test Specimen Manufacture 
Composite specimens were fabricated from 20 layers of prepreg (supplied by Boeing) composed of 
Cycom 977-3 resin (Cytec) on IM7 carbon fibers (Hexcel) with a fiber areal weight of 190 g/m2 and a 
matrix content of 32% by weight. The nominal fiber volume fraction was 60.6%. Two laminate stacking 
sequences were used (Figure 5.1a). Layup A provides a double 90° layer thickness at the mid-plane for 
incorporating the SFs. Layup B is a slight variation of A that provides doubled 90° layers near the surface 
of the specimen. SFs (360 µm nominal diameter) were integrated into [90°]2 plies by cutting the plies 
along the direction of the carbon fibers and placing the SF in the space created by the cut, according to the 
procedure developed by Norris et al. [54]. In addition, the SF diameter was selected to match the 
approximate thickness of the two 90° plys (final ply thickness = 180 µm). This procedure prevented 
misalignment of the carbon fibers in the adjacent 0° plies, which has been shown to result in reductions in 
compressive strength and modulus [25,53].  
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Composites were cured in an autoclave at 130° C for 4 h then 170°C for 3 h (2° C/min ramps) and a 
pressure of 620 kPa using the manufacturer’s recommended vacuum bagging procedure. Following the 
autoclave cure, the panels were cut into individual specimens slightly larger than their final size using a 
water cooled diamond saw and placed in a vacuum oven for 48 h at 200° C for the VaSC treatment. An 
image of a typical channel post-VaSC is shown in Figure 5.1b. Following VaSC, specimens were finished 
to 84 mm x 84 mm using an end-mill. Acetone was pumped through the channels to clean out any 
leftover debris from machining. The surfaces were coated with high temperature black paint (Zynolyte 
Z635) to ensure uniform emissivity of the surface (ε = 0.95). Thickness of the final composites ranged 
from 3.5-3.7 mm. 
 
Figure 5.1: a) Schematics of the layups used for thermomechanical testing of actively cooled composites. Layup A 
placed the channels at the mid-plane at D = 1.75 mm from the heated surface, while B placed them nearer to the 
surface at D = 0.75 mm. In addition, control specimens not containing SFs were created with layup A. b) Optical 
image (10x objective) of a hollow channel in a carbon fiber specimen following VaSC. 
Specimens were manufactured using layup A with channels spacings of 8.5, 12, and 20 mm, which 
corresponded to 8, 6, and 4 total channels, respectively. Channel volume fraction (Vc) equaled 0.32%-
0.34%, 0.23%-0.24%, and 0.14%-0.15% for the 8.5, 12, and 20 mm channel spacings, respectively. 
Channel volume fraction is calculated as 
 𝑉! = 𝜋𝐷! 4𝑡𝑤  (18)  
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where D is the channel diameter, t is the composite thickness, and w is the channel spacing. Channels 
were centered across the specimen width. In addition, control specimens containing no channels were 
created. All specimens manufactured with layup B contained channels spaced 12 mm apart. 
5.2.3. DMA and TGA Specimen Manufacture 
 Specimens for DMA and TGA were manufactured using the same procedure as described in Section 
5.2.2. However, here the layup was [90°]16 and did not contain SFs. DMA specimens had a thickness of 
2.9 mm and were cut to 6 mm x 40 mm with the fibers perpendicular to the long axis. TGA specimens 
were in the range of 5-10 mg. 
5.3. Testing and Analysis Procedures 
5.3.1. Survivability of PMCs Under Thermomechanical Loading 
5.3.1.1. Test Setup 
 Figure 5.2 shows the details of the test setup used for thermomechanical testing. Compressive load 
was applied to the specimens in a modified compression-after-impact fixture (ASTM D7137) by an 
electromechanical testing frame (Instron Model 5984) equipped with a 150 kN load cell. This fixture 
applies load to the top and bottom edges of the specimen while providing support at the edges to prevent 
global buckling. The primary modification to the fixture was reducing the length and width of the test 
region to accommodate the 84 mm x 84 mm specimen (ASTM standard specimen size is 150 mm long by 
100 mm wide). This smaller specimen size was used to reduce material requirements. All other 
dimensions were consistent with the ASTM standard. Structural insulation material (Glastherm HT 
obtained from Red Seal Electric Company, k = 0.27 W/m.K, 8 mm thick) was placed on the top and 
bottom loading plates to reduce heat transfer to the loading fixture. A 2 mm thick 17-4 PH stainless steel 
plate was placed between the composite and the insulation to preserve the hardness of the loading surface 
of the fixture. The anti-buckling supports were also manufactured from the structural insulation to reduce 
heat transfer from the specimen to the fixture. 
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Heat was applied to one face of the specimen by a radiative heater (Precision Control Systems Inc., 
Model 5080 heater and Model 5620-11-SP34 power supply), which was placed in contact with the 
loading fixture. The heater came with six heating lamps, however, only the bottom four lamps were used 
to better match the heater area to the size of the exposed specimen face. All surfaces of the fixtures in 
view of the heaters were covered with reflective aluminum foil tape to minimize direct heating of the 
fixture. The temperature profile on the opposite side of the specimen was imaged with an IR camera 
(FLIR, Model SC620).  
The heat flux from the radiative heater was calibrated using a heat flux sensor (HFS) (Vatell, model 
Thermogage 1000-1, 25 mm diameter) excited using a signal-conditioning amplifier (Vatell, model AMP 
15). The heater power was controlled using a external 4-20 mA signal provided by a USB voltage supply 
(Phidgets, model 1002_0) to the heater’s power supply and a custom LabVIEW code (National 
Instruments). During calibration, the HFS was positioned in a hole centered on the face of an 84 mm x 84 
mm x 3.5 mm aluminum copy of the composite test specimen. As heat was applied to the HFS, the signal 
from the HFS was recorded for each value of heater controlled current. The voltage signal from the HFS 
was then translated into the applied heat flux using data provided by the manufacturer. This procedure 
resulted in a relationship between heater controller current and applied heat flux. 
Coolant was pumped through each channel independently in actively cooled specimens using a 
peristaltic pump containing up to eight pump heads (Cole-Parmer, Model EW-07551-00), ensuring equal 
flow in each channel. Distilled water maintained at 20° C by a temperature-controller circulator (Julabo, 
Model F32-HP) was used as the coolant. Coolant was delivered via 1/4 inch OD, 1/8 inch ID silicone 
rubber tubing connected to the channels using 21 gage stainless steel syringe tips inserted approximately 
1 mm into a hole drilled in the end of the channel. The outlet fluid temperature of each channel was 
measured using type T thermocouples (Omega Engineering, Model TMQSS-020U). Thermocouples were 
positioned in the middle of the flow path by inserting into a hole drilled in a 1/8” straight barbed 
polycarbonate fitting and then sealing them in place with epoxy adhesive. Thermocouple data was 
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collected using several four-input temperature sensors (Phidgets, Model 1048) and recorded using a 
custom LabVIEW code (National Instruments) at 1 Hz. 
 
Figure 5.2: Thermomechanical test setup. a) Schematic of the test concept. Load is applied to the top and bottom 
edges of the specimen, while heat is applied to one face. Heat is removed by coolant pumped through straight, 
parallel channels running perpendicular to the loading axis. The non-heated face is open to ambient air and the 
temperature field is imaged with an IR camera. b) Schematic of the loading fixture showing the placement of the 
specimen between the top and bottom fixtures, which apply load while providing anti-buckling support. Heat is 
applied to one face by a radiative heater. Slots machined into the bottom fixture allow for access to the channel 
inlets and outlets. Stainless steel components are shown in grey and those composed of glass-fiber based structural 
insulation are shown in green. 
5.3.1.2. Test Procedure 
 During survivability testing, the pump was first turned on to circulate coolant through the specimen 
and allow the temperature and flow rate to equilibrate. Compressive stress was then applied at a crosshead 
displacement rate of 1 mm/min to the prescribed load and held constant for the remainder of the test. 
Finally, the radiant heater was turned on to the prescribed heat flux and held constant until failure 
occurred. An abrupt drop in load to near zero signaled specimen failure. 
5.3.1.3. Data Analysis 
Time-to-failure was recorded as the time between the application of heat and failure of the specimen. 
The cooled heat flux from the specimen was calculated with knowledge of the coolant temperature as 
 𝑞!"!! = 𝑄!𝜌𝑐!Δ𝑇 !!!!! 𝐴!  (19)  
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where Qc is the volumetric flow rate of the coolant in each channel, 𝜌 is the density of the fluid, 𝑐! is the 
specific heat capacity of the fluid, Δ𝑇 is the change in fluid temperature from inlet to outlet for each 
channel, n is the number of channels, and 𝐴! is the surface area exposed to the heated face. Density and 
specific heat capacity were taken from tabulated data using average fluid temperature based on inlet and 
outlet fluid temperature. Cooling efficiency is defined as the ratio of supplied heat flux to cooled heat 
flux, 
 𝜂 = 𝑞!"!!𝑞!!!  (20)  
where 𝑞!"  is the supplied heat flux to specimen. 
5.3.2. DMA and TGA Testing Procedure 
DMA was conducted according to the procedure discussed in section 2.3.2. However, the temperature 
was ramped from 25-300 °C.  
TGA was also conducted to measure thermal stability of the epoxy. PMC samples were tested by 
TGA (Mettler Toledo, Model TGA/DSC 1) from 25-600 °C at a heating rate of 5 °C/min in a nitrogen 
environment (35 ml/min flow rate). Two tests were run for both DMA and TGA tests for repeatability. 
5.4. Results and Discussion  
5.4.1. DMA and TGA Test Results 
DMA and TGA results are shown in Figure 5.3. DMA testing revealed two transitions in the 
thermomechanical response. The onset of a loss in storage modulus is observed at approximately 175° C 
along with a rapid increase in both the loss modulus and tan(δ). The storage modulus began to drop at a 
faster rate at approximately 225° C, while the loss modulus and tan(δ) reached peak values shortly 
thereafter. The presence of multiple transitions is likely due to the toughening phase present in the matrix 
material. Tg evaluated by a step transition analysis on the storage modulus from 150° C to 235° C yields a 
value of 217° C. If the peak in tan(δ) is used then Tg  is roughly 237° C. Mass loss was detected by the 
TGA beginning at approximately 275° C and reached 5% at 339° C, followed by a steep drop in mass 
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thereafter. Remaining mass at the end of the test is composed of the carbon fibers and char from the 
decomposed matrix. 
 
Figure 5.3: Thermal and mechanical characterization of the epoxy matrix. (a) DMA testing results showing the 
storage modulus (E’), the loss modulus (E’’) and tan(δ) vs. temperature. (b) TGA testing results showing percent 
remaining mass vs. temperature. 
5.4.2. Survivability of Actively Cooled PMC Under Thermomechanical Loading 
5.4.2.1. Effect of Channel Spacing and Applied Heat Flux 
Active cooling greatly increases the survivability of composites subjected to thermomechanical 
loading (Figure 5.4). Figure 5.4a compares time-to-failure for control (non-cooled) and actively cooled 
(layup A) composites at three different channel spacings. The 200 MPa load represents a typical service 
load for a composite at room temperature and is 24% of the estimated room temperature compression 
strength. Control composites failed rapidly at heat fluxes above 5 kW/m2, while actively cooled 
composites were able to survive at 25, 45, and 60 kW/m2 for the 20, 12, and 8.5 mm channel spacings, 
respectively. Above these values time-to-failure decreased non-linearly with increased heat flux. 
Reducing channel spacing dramatically increased time-to-failure at a given value of supplied heat flux. 
Channel architecture is an important design factor for increasing active cooling performance, as was 
observed by previous studies [39,40,94]. 
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Figure 5.4: Thermomechanical performance of actively cooled and control specimens showing (a) time-to-failure, 
(b) maximum temperature on the non-heated face. Tests were conducted up to 30 minutes, after which the test is 
reported as “did not fail”. Results from these tests are highlighted in light blue. Compressive load was 200 MPa and 
total coolant flow rate was 90 ml/min, evenly distributed among the channels. 
The effect of supplied heat flux on the maximum temperature of the non-heated face at failure is 
presented in Figure 5.4b. Control samples reliably failed when the maximum temperature reached Tg. 
Failure did not occur in the sample tested at 5 kW/m2, which only reached 171° C. Failure was more 
complex in the actively cooled specimens as there was no clear correlation between maximum 
temperature and failure. Although, surface temperature in specimens that failed was higher than in those 
that did not fail, the increase in maximum temperature weakly correlated to increasing supplied heat flux. 
Maximum surface temperature was decreased with reduced channel spacing at a given value of supplied 
heat flux. 
Figure 5.5 shows maximum temperature vs. time and representative IR temperature profiles for 
control and actively cooled specimens at several values of supplied heat flux. Temperature increased at a 
faster rate with higher heat flux in all cases. In control specimens, temperature was highest in the center of 
the heated region and cooler at the edges (Figure 5.5(1)). Control specimen temperature increased 
monotonically until reaching Tg and then failure occurred immediately. In contrast, actively cooled 
specimen temperature increased rapidly then remained fairly constant until failure occurred or the test was 
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concluded. The long delay between reaching maximum temperature and failure is attributed to creep and 
progressive damage formation, as was observed by Bausano et al. [87] during combined 
compression/one-sided heating tests on non-cooled composites under similar heat fluxes.  
 
Figure 5.5: Maximum temperature on the non-heated face as a function of time for (a) control and (b) actively 
cooled specimens. Representative IR images at times marked on (a) and (b) show: (c) a control specimen at 15 
kW/m2 shortly before failure and (d) an actively cooled specimen at 55 kW/m2 after reaching maximum temperature 
and (e) several minutes into the test. Actively cooled specimens were manufactured using layup A, contained 
channels spaced at 12 mm, and were tested at 200 MPa with a total coolant flow rate of 90 ml/min. 
Figure 5.5(2) shows that actively cooled specimen temperature was initially hotter towards the center 
and cooler towards the edges with a reduction in temperature near the channel locations. Figure 5.5(3) 
shows the temperature profile on the same specimen after 4 minutes of testing and reveals that significant 
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cooling has occurred in the center of the specimen. This region of the specimen corresponds to the 
location of burned material on the opposite (heated) face discovered following the test. Combustion 
occurred on the heated face during all tests where the supplied heat flux exceeded 30 kW/m2. Ignition was 
indicated by visible smoke rising from the heated area and coincided with the beginning of the 
temperature plateau. After the matrix burned away, only carbon fibers and decomposed matrix remained 
(see section 4.3.5 for image showing the burned region). The temperature reduction likely occurred as a 
result of locally reduced heat conduction through the thickness as a result of reduced effective thermal 
conductivity and energy consumption by the chemical reactions during combustion. This reduction in 
temperature may have extended the life of the composite by decreasing the temperature of the underlying 
material.  
The effect of supplied heat flux on the cooled heat flux and cooling efficiency at failure is presented in 
Figure 5.6a and Figure 5.6b, respectively. Initially the cooled heat flux increased with supplied heat flux, 
but then plateaued at high heat flux conditions. However, this plateau did not correspond to saturation of 
the coolant with heat (which would result in the coolant boiling), as the maximum outlet coolant 
temperature for any architecture at the prescribed flow rate was only 50° C for all of these tests. Rather, 
the plateau corresponds to the maximum cooled heat flux achievable for each channel architecture and 
increased with decreased channel spacing. Cooling efficiency declined as a function of increased supplied 
heat flux and was significantly lower in specimens that failed than in specimens that survived the full 
thirty minutes. Measured cooling efficiencies in the range of 65-75% indicate that most of the supplied 
energy was removed by the coolant in these tests rather than through conduction to the fixture or 
radiation/convection to the surrounding environment. Reduced channel spacing improved both cooled 
heat flux and cooling efficiency at a given supplied heat flux. Figure 5.6c shows cooled heat flux vs. time 
for several values of supplied heat flux. Cooled heat flux increased at a faster rate with increased supplied 
heat flux and eventually reached a steady state where it remained until failure or the test was ended, as 
was observed for maximum temperature. 
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Figure 5.6: Heat removal data for active cooling tests. a) Cooled heat flux at steady state as a function of supplied 
heat flux. b) Cooling efficiency as a function of supplied heat flux. c) Cooled heat flux as a function of time for 
several values of supplied heat flux. Specimens were manufactured using layup A, contained channels spaced at 12 
mm, and tested at 200 MPa with a total coolant flow rate of 90 ml/min. 
5.4.2.2. Effect of Flow Rate 
 The effect of flow rate on survivability and cooling performance is presented in Figure 5.7. Time-to-
failure increased with increased flow rate, with the specimen failing after only 42s at 0 ml/min and after 
176s at 135 ml/min. The temperature at failure only moderately reduced as flow rate was increased, with 
the largest drop occurring between 0 ml/min and 22.5 ml/min. The benefit of increased flow rate is best 
revealed by the dramatic increase in cooled heat flux, which corresponds to the increase in time-to-failure 
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and reduced temperature. As the flow rate increased, the coolant temperature decreased. The larger 
temperature gradient between the composite channel wall and the coolant corresponds to the increase in 
cooled heat flux. While increased flow rate corresponded to increased time-to-failure, it also increases the 
required pumping power with the square of the flow rate [94]. By increasing the flow rate from 3.33 
ml/min per channel to 22.5 ml/min per channel the time-to-failure was increased by approximately 2 
minutes, but the required pumping power was increased by up to a factor of 45 (see [94] for description of 
pumping power calculation). The optimal designs will balance the cooling efficiency with required 
pumping powers for the target application. 
 
Figure 5.7: The effect of total coolant flow rate on (a) time-to-failure and maximum temperature on the non-heated 
face and (b) cooled heat flux at failure and outlet fluid temperature. Specimens were manufactured using layup A, 
contained channels spaced at 12 mm, and tested at 200 MPa and 60 kW/m2. 
5.4.2.3. Effect of Applied Compressive Stress 
The effect of compressive loading on the time-to-failure is revealed in Figure 5.8. Control samples 
tested at 15 kW/m2 failed at all four values of applied loading and time-to-failure was only slightly 
reduced with increased load. For the actively cooled samples, failure did not occur at either 55 or 65 
kW/m2 at 100 MPa (11.7% of the estimated room temperature strength). We hypothesize that the load 
was carried by the cooler regions at the edges of the sample (see Figure 5.5(2)). At higher loads, the time-
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to-failure decreased with increased compressive stress. In addition, samples failed faster at 65 kW/m2 than 
at 55 kW/m2 at the same compressive load as was previously observed. 
 
Figure 5.8: Time-to-failure as a function of compressive loading for control and actively cooled specimens at a few 
values of supplied heat flux. Specimens were manufactured using layup A, contained channels spaced at 12 mm, and 
were tested with a total coolant flow rate of 90 ml/min. 
5.4.2.4. Effect of Channel Depth from Heated Surface 
Placement of the channels near the heated surface resulted in unexpected behavior. Figure 5.9a shows 
a comparison of the average temperature on the non-heated face as a function of time for layup A and B 
specimens at 70 kW/m2. Temperature increased monotonically in Layup A and the specimen failed 
rapidly. In stark contrast, layup B did not fail and has a sudden reduction in temperature around 70 s, then 
a relatively constant temperature profile for the remainder of the 30 min test. The temperature drop was 
accompanied by water pooling at the base of the specimen on the fixture and visible steam rising. The 
vaporization of water to steam provides an important and substantial heat removal mechanism. The heat 
flux removed by vaporization is equal to 𝑞!!! = 𝑄!𝜌ℎ! where 𝑄! is the volumetric rate of water vaporizing 
and ℎ! is the enthalpy of vaporization of the water (2260 J/g). If just 1% of the total volumetric flow rate 
of water entering the specimen vaporized, the cooled heat flux would be increased by 9.4 kW/m2. At 5% 
the cooled heat flux is increased by 47 kW/m2. Figure 5.9b-d show that the reduction in temperature as 
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low as 70° C was particularly dramatic near the center of the specimen coinciding with the location of a 
crack visible on the heated surface where water was able to escape from the channels. Tests run at a 
supplied heat flux of 60, 65, and 75 kW/m2 at 200 MPa applied stress, as well as at 65 kW/m2 at 250 MPa 
applied stress, all yielded the same behavior and did not fail within 30 minutes. The enhancement to heat 
removal (and therefore survivability) from the release of fluid onto the surface could be realized in 
actively cooled composites that utilize surface evaporation for cooling under excessively high heat loads.  
 
 
Figure 5.9: Comparison showing average temperature on the non-heated surface as a function of time for layup A 
and B. Layup A failed after only 105s, while layup B did not fail within the 30 minute testing window. Images of the 
temperature profile for layup B are given in IR images (1)-(3) at instances marked on the graph. Both tests were 
conducted at supplied heat flux of 70 kW/m2, applied compressive stress of 200 MPa, and total coolant flow rate of 
90 ml/min. 
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5.4.2.5. Damage and Failure Modes 
Typical damage patterns following survivability testing of control layup A, vascular layup A, and 
vascular layup B specimens are shown in Figure 5.10. Control specimens failed in the hottest region 
located at the center of the specimen, as shown in Figure 5.5(1). Failure occurred as a result of localized 
damage in the form of shear cracking and delaminations. In contrast, damage in the vascularized layup A 
sample covered a much larger area. Combustion of the matrix resulted in dry carbon fibers visible on the 
heated surface. Below the burned layer is a region of large delaminations and shear cracking. The 
majority of damage is located near the hottest region at the center of the specimen, but some 
delaminations extended the length of the specimen. The cross-section of the vascularized layup B sample 
shows that damage was limited to the region between the heated face and the layers containing the 
channels and consisted of a large delamination intersecting with the channels and a transverse crack 
bridging the delamination and the heated surface. The water observed on the specimen during testing was 
released through this cracking formation.  
 
Figure 5.10: Representative cross sections showing damage in each type of composite after testing. Examples of 
each common damage mode are marked. Composites were loaded to 200 MPa. Channels in actively cooled 
specimens were spaced 12 mm apart and total flow rate was 90 ml/min. Note that failure did not occur in layup B. 
Cross sections were taken from the center of the specimen parallel to the loading direction. The heated surface is the 
top surface in each image. Composites were lightly sanded with 400 grit wet sand paper then photographed. Scale 
bar represents 5 mm. 
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5.5. Summary 
 Survival of actively cooled composites subjected to simultaneous compression and one-sided heating 
was measured and compared to traditional (non-cooled) composites. Vascular specimens with 0.34% 
channel volume fraction or less were tested with channels located at the mid-plane or near to the heated 
surface. Actively cooled composites with mid-plane channels survived longer than thirty minutes at heat 
fluxes up to 60 kW/m2 and compressive loading of 200 MPa (ca. 24% of the room temperature strength), 
whereas tradition composites failed in ten minutes or less at heat fluxes as low as 10 kW/m2. When 
channels were placed near the heated surface, cracks formed that connected channels to the heated 
surface, releasing water onto the surface that prevented specimen failure for at least 30 minutes in all tests 
conducted. During fires, heat fluxes in the range of 10-100 kW/m2 are generated. Actively cooled 
composites are therefore able to greatly improve the safety of composite structures during fires by either 
extending the time before or preventing structural collapse. 
Survivability in actively cooled specimens containing channels at the mid-plane was evaluated as a 
function of supplied heat flux, compressive load applied, channel spacing, and coolant flow rate. Higher 
heat flux and compressive load corresponded to faster time-to-failure. Time-to-failure increased with 
reduced channel spacing and increased coolant flow rate, corresponding to increased cooled heat flux and 
cooling efficiency. However, reduced channel spacing caused a much more substantial increase in 
survivability than increased coolant flow rate. Damage in actively cooled composites was more complex 
and covered a larger area of the specimen compared to traditional composites. Traditional (non-cooled) 
composites heated rapidly and monotonically until failure occurred. In contrast, actively cooled 
composites initially heated rapidly, but then remained at fairly constant temperature until failure occurred 
or the test was stopped. During the temperature plateau, burning occurred on the heated face of specimens 
(at 𝑞!!!  ≥ 30 kW/m2), leading to reduced temperature on the non-heated face as a result of the combustion 
damage.  
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By properly designing an actively cooled composite’s channel spacing and coolant flow rate, the service 
load of PMCs can be increased to higher heat fluxes than are currently possible with traditional 
composites without changing matrix composition. The channel architecture (e.g. channel spacing) and the 
coolant flow rate must be selected to maximize cooling performance while minimizing required pumping 
power and the effect of the channels on mechanical performance.  
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Chapter 6. Transpirational autonomic cooling of a polymer 
matrix composite 
6.1. Introduction 
 The previous chapters have demonstrated active cooling as an effective method for enabling PMC 
service where high thermal loads are present. However, active cooling requires an externally powered 
pumping system and a method for removing heat from the fluid before it is recirculated. In addition, no 
methods currently exist for autonomic adaptive control, wasting energy pumping coolant when there is 
low thermal load. In this chapter, we present an alternative method for thermal regulation that utilizes 
capillary pumping and evaporative cooling to eliminate the need for an external pump and heat 
exchanger. Evaporation is an endothermic process where the heat is carried into the surroundings by the 
vapor. The heat supplies all the necessary energy required for continuous cooling, making the system 
inherently autonomically adaptable to changing thermal loads. Potential features include self-starting/-
stopping, adaptive flow rate control, and redirection of the flow to hotter regions. 
 Systems combining evaporation and capillary pumping for cooling have been used for cooling 
buildings (evaporative cooling) [95], electronics (heat pipes)  [96–98], spacecraft (heat pipes) [2,97,98], 
jet turbines (transpiration cooling) [99–101], and are also found in plants during transpiration [50,102–
104]. In evaporative coolers, air is blown over large wicking pads saturated with water to provide cooling 
and humidification in arid climates as the water evaporates. Such systems can reduce building cooling 
costs by 25-40% [95]. In heat pipes, water is evaporated from a solid porous wick and the vapor is 
captured and condensed, then recirculated back to the wick in a closed loop. Heat pipes are best suited for 
relatively small and intense areas of heating due to the large system volume required for capturing and 
condensing the vapor. In transpiration cooling, fluid is pumped into a porous shell around a turbine blade 
and leaked out to create a blanket of cool fluid, reducing heat transfer from the extremely hot incoming 
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gas (T > 1300 K). In its most basic form, the system does not use evaporative cooling or capillary 
pumping at all. However, the cooling is enhanced by evaporation when water is used as the fluid [101].  
Plants rely on transpiration for distributing water as well as powering the transport of sugars and 
metabolites. However, an often neglected effect of transpiration is temperature control. Transpiration is an 
important part of energy exchange in leaves and has been shown to reduce leaf temperature by as much as 
10 °C [102]. Plants control the opening and closing of their stomata to regulate transpiration rate to 
control temperature and fluid loss, helping to keep the leaf temperature within the optimal range for 
metabolic activity, generally between 10-40°C [104]. 
Inspired by these examples of evaporative cooling, we have designed an autonomic cooling system for 
structural PMCs, termed Transpirational Autonomic Cooling (TAC). While the previously discussed 
systems are effective for cooling in certain applications, none are suitable for cooling large areas of a 
PMC without the need for external powering or control. This chapter will first discuss the concept and 
operating principles of the TAC system, then present experimental evidence of its operation and 
performance. 
6.2. Concept and Operating Principles 
The TAC system is inspired by liquid transport in trees and other plants (Figure 6.1). Figure 6.2 shows 
images of typical specimens. During transpiration, trees combine evaporation with capillary pumping to 
transport fluid several meters from their roots to their leaves against gravity [50,103]. Evaporation is an 
endothermic process with heat removal equal to 
 𝑞! = 𝑄𝜌ℎ! (21) 
where ℎ! is the enthalpy of vaporization, 𝜌 is the fluid density, and 𝑄 is the fluid flow rate. In trees, 
energy for evaporation is provided by the sun and the atmosphere (e.g. wind speed and air temperature) 
through radiation and convection, respectively [102]. These sources of energy vary throughout the day, 
and the transpiration rate adjusts accordingly. Similarly, heat is provided externally in our synthetic 
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Figure 6.1: Inspiration and realization for the autonomic cooling system for PMC materials. a) During transpiration, 
water evaporates from the leaves, using energy from the sun and atmosphere, and is replenished by capillary 
pressure, drawing liquid from the soil through the vascular network of xylem contained in the branches, trunk, and 
roots. b) In the synthetic system, incident heat causes evaporation from the microporous layer. An external reservoir 
supplies liquid through a network of vascular channels manufactured into the surface of a structural PMC. Capillary 
action in the porous network provides the pumping pressure. 
 
Figure 6.2: Structure of a typical TAC specimen. a) Photograph of a sample containing a single inlet and a branching 
vascular network inspired by a leaf. b) Photograph of a similar specimen containing only a single straight channel. c) 
SEM image (5 KeV, 100x magnification, secondary electron detector) of cross-section of the autonomic cooling 
specimen. 
cooling system and is removed by evaporation in order to prevent overheating of the structural material. 
As the applied heat varies, the fluid flow rate will adjust according to Equation (21) making the proposed 
approach autonomically adaptable to changing thermal conditions. 
When water evaporates from the leaves it is replenished by the xylem in the branches, trunk, and roots 
from the water contained in the soil. As a result of the capillary action, the water pressure in the xylem is 
greatly reduced relative to atmospheric pressure (𝑃!"#) and can actually become negative, meaning that 
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the water acts as a tensile element [50,103]. In our system, fluid evaporated from the microporous layer is 
replenished by capillary pressure developed by the small pores, pulling fluid through the vascular network 
from an externally located reservoir. As a result, the system is completely self-powered, requiring only 
the external heating for fluid flow. The capillary pumping pressure is equal to 
 Δ𝑃!"# = 4𝛾cos (𝜃)𝐷!  (22) 
where 𝛾 is the air water surface tension, 𝜃 is the contact angle between the solid and the liquid, and 𝐷! is 
the pore diameter. In order for fluid flow to occur, 
  Δ𝑃!"# ≥ Δ𝑃!"#$#% = Δ𝑃!! + Δ𝑃! + Δ𝑃! . (23) 
The flow resistance (Δ𝑃!"#$#%) is composed of the pressure loss through the channel (Δ𝑃!!, Hagen-
Poiseuille equation), the porous network (Δ𝑃!, Darcy’s Law [33,105]), and the weight of the fluid (Δ𝑃!). 
These values are calculated as  
 Δ𝑃!! = 128𝜇𝐿!!𝑄𝜋𝐷!!!!"" !!!""#$% , 
 
(24) 
 Δ𝑃! = 𝜇𝐿!𝑄𝐴!𝐾!!"" !"#"$% !"#$%&'  
 
(25) 
 Δ𝑃! = 𝜌𝑔ℎ. (26) 
Here, 𝜇  is the viscosity of the water, 𝐿  is length, 𝐷  is diameter, 𝐴  is cross-sectional area, 𝐾  is 
permeability, 𝑔 is gravitational acceleration, and ℎ is the height between the microporous layer and the 
reservoir. Subscripts (ch) and (p) designate channel and pores, respectively. Note that Δ𝑃!! and Δ𝑃! must 
be totaled for all of the channels and porous regions. This is complex in some cases; particularly if the 
network is branched and the flow is highly three-dimensional. The flow resistance depends on the fluid 
flow rate, which is determined by the evaporation rate using Equation (21). Pore diameters in the micron-
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scale allow for transport at the meter scale, allowing the reservoir to be remotely located from the cooling 
system.  
 There are two conditions under normal operation where the maximum capability of the system is 
expected to be exceeded and cooling stops, a condition termed “overheat”. Mode 1 occurs when Equation 
(23) is violated, i.e.  
 𝛥𝑃!"# < 𝛥𝑃!"#$#% . (27) 
Under this condition, the capillary pressure is insufficient to overcome the system resistances and air may 
leak into the channel, breaking the capillary seal separating the channel and the atmosphere under normal 
operation. Mode 2 occurs when 
 𝑇!"#$%,!! ≥ 𝑇!"# (28) 
where T!"#$%,!!  is the temperature of the fluid in the vascular network and T!"#  is the saturation 
temperature of the fluid in the vascular network. If this condition is violated the water will boil in the 
channel, producing vapor. Vapor is unable to transfer the capillary pressure to the liquid in the external 
channel and flow will stop. It should be noted that 𝑇!"# is not the same as the atmospheric boiling point of 
water because the pressure of the water is below 𝑃!"# in the vascular network. 𝑇!"# is calculated based on 
the minimum fluid pressure (𝑃!"#$%,!"#) as 
 𝑇!"# = 𝐵𝐴 − log!" 𝑃!"#$%,!"# − 𝐶 (29) 
where 
 𝑃!"#$%,!"# = 𝑃!"# − 𝑃!"#$#%,!"#. (30) 
Equation (29) is the Antoine equation with coefficients A = 8.0713, B = 1730.6, and C = 233.42 from 1-
100 °C (P in mmHg) [106].  
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6.3. Specimen Manufacture Procedures 
6.3.1. Sacrificial Template Material  
 The sacrificial template of the vascular network was cut from PLA/SnOx sheets (CU Aerospace) using 
a laser cutter (Full Spectrum Laser LLC, Model: Pro LF Series, CO2 laser, 90 W). The sheets came with 
thickness varying from 600-800 µm. They were cut into 140 mm x 140 mm squares, then flattened in a 
hot press for 20 minutes at 80 °C between two aluminum plates spaced by 500 µm thick spacers. The 
resulting sacrificial sheets were 540-560 µm thick. The laser cut along lines defined by a vector-based 2D 
pattern of the desired network. The channels in the network pattern were drawn 120 µm wider than the 
desired channel width to account for material removed by the laser. The laser was set to a power of 15% 
and speed of 70%.   
6.3.2. Porous Material  
 Porous ceramic sheets were obtained commercially (Refractron Technologies Corp.) with four 
different average pore sizes. The sheets were composed of 87% alumina, 8% silica, and 5% “other 
material” and had a porosity of 43%, according to the manufacturer. SEM images of the sheets are shown 
in Figure 6.3. Sheets were cut to size using a water-cooled diamond saw, taking care to only expose the 
sheets to clean deionized water to prevent contamination. All sheets were 2 mm in thickness. 
Table 6.1 summarizes the properties of these sheets. Bubble point designates the pressure required to 
force an air bubble through the wick when saturated with a liquid. The bubble point is analogous to the 
maximum capillary pressure sustainable by the largest pore in the porous ceramic with the designated 
fluid.  
Permeability of the AF6 sheets was measured using the test setup described in Gergely et al. [93]. This 
procedure is based on Darcy’s law (Equation (25)) and involves flowing water through a known geometry 
of the sheet at a constant pressure and measuring the flow rate. Using the permeability measured for AF6, 
the permeability for the other pore sizes was estimated using a generalized version of the Kozeny-Carman 
relation 
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 𝐾 = β𝐷!! (31) 
where β is a fitting constant determined to be β = 0.4347 from the data for AF6. The mean pore diameter 
in Table 6.1 was used for this relation.  
 
Figure 6.3: SEM images (5 KeV, 100x magnification, secondary electron detector) of all four sizes of the porous 
ceramic sheets. Scale bar equals 500 µm. Note that the morphology of each sheet is very similar and the primary 
difference is particle size. 
Table 6.1: Manufacturer data (marked with *) and calculated values for the porous ceramic sheets. Maximum 
retainable height is the height at which a column of water could be maintained by the capillary pressure. The 
capillary pressure for the sheet containing water was calculated using Equation (22) from the bubble point for 
Galwick (a proprietary liquid used by Refractron for porosimetry), assuming the contact angles were equal (Galwick 
surface tension = 15.9 dyn/cm at 20 °C, water surface tension = 58.9 dyn/cm at 100 °C). This only provides an 
estimate, since the contact angles likely differ. The contact angle for Galwick calculated from Equation (22) is 
44.5°. Permeability was calculated using Equation (31).  
Mean 
Diameter* 
[µm] 
Mode 
Diameter* 
[µm] 
Bubble 
Point 
Diameter* 
[µm] 
Bubble Point 
Pressure* 
(Galwick at 20 
°C) [psi] 
Bubble Point 
Pressure 
(Water at 100 
°C) [Pa] 
Maximum 
Retainable 
Height [m] 
Permeability 
[m2] 
1.1 0.20 7.62 5971 22,100 2.25 5.26×10-13 
8.2 5.4 25.1 1806 6,690 0.68 2.92×10-11 
21.6 18.3 71.3 641 2,380 0.24 2.02×10-10 
91.8 77.9 244 186 690 0.07 3.66×10-9 
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6.3.3. PMC Manufacture 
PMC substrates were manufactured from 12 layers of 7781 style woven E-glass (Fiber Glast 
Developments Corporation) infused with Huntsman 8605 epoxy resin system using VARTM. Araldite 
8605 resin (Bisphenol A epoxy resin / Butanedioldiglycidyl ether) and Aradur 8605 curing agent (2,2'-
Dimethyl-4,4'methylenebis(cyclohexylamine)) were mixed in a ratio of 100:35 by mass and degassed for 
1 h at room temperature. Following infusion, the resin was cured at room temperature for a minimum of 
24 h then placed in an oven and further cured at 121 °C for 2 h and 177 °C for 3 h with temperature ramps 
of 1 °C/min. The PMCs had an average fiber volume of 49.5% as measured by matrix burn-off. Thickness 
of the final PMCs was between 2.6-2.7 mm. PMCs panels were cut to size using a water-cooled diamond 
saw. 
6.3.4. System Assembly 
System assembly followed the procedure described in Figure 6.4. In step 1, the sacrificial template is 
bonded to the alumina by dipping network in the template in dichloromethane (DCM) to partially dissolve 
the surface then pressing it to the porous sheet to adhere. Residual DCM is evaporated off at room 
temperature overnight. In step 2, the glass fiber PMC is bonded to the porous sheet and sacrificial 
network using an epoxy adhesive. The adhesive is composed of EPON 834:EPON 828 epoxy (Bisphenol 
A based, Hexion Inc.) mixed in a ratio of 100:50 by mass, then mixed with EPIKURE 3300 curing agent 
(Cycloaliphatic Amine based, Hexion Inc.) in a ratio of 100:19 by mass. Blending EPON 828 and EPON 
834 tuned the viscosity of the adhesive, making it workable while having sufficient viscosity to avoid 
filling the pores prior to setting. The adhesive is cured at room temperature for 24 h, then at 82 °C for 1.5 
h and 121 °C for 1.5 h in a convection oven with ramp rates of 1 °C/min. In step 3, the specimen is 
trimmed to size, exposing the sacrificial template. Then, the sacrificial material is removed by the VaSC 
process at 200 °C for 10 h under vacuum. Following VaSC, PLA residue is cleaned from the porous 
ceramic by soaking the specimen in 2M aqueous NaOH for 3 h at 50 °C, then rinsing with deionized 
water. 
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Figure 6.4: Procedure for assembling the autonomic cooling system.  
6.3.5. Neat Epoxy Specimen Manufacture 
Neat epoxy sheets were made for thermomechanical analysis of the PMC matrix material (Huntsman 
8605 resin) and the adhesive (EPON 828/834 and EPIKURE 3300). Both epoxies were prepared 
following the same procedure as when preparing the TAC specimen. Samples measured 25 mm by 5 mm 
by 2 mm. 
6.4. Testing and Analysis Procedures 
6.4.1. Test Setup 
 The TAC system was tested using the setup shown schematically in Figure 6.5. Images of the 
specimen and testing setup are shown in Figure 6.6.  
Heat was applied to the microporous layer by a radiative heater (Precision Control Systems Inc., 
Model 5080 heater and Model 5620-11-SP34 controller), which was placed 25 mm from the face. The 
heater was calibrated according to the procedure described in section 5.3.1.1. During testing, the edges of 
the specimen were masked with aluminum foil tape to prevent direct heating. 
The temperature profile on the PMC side of the specimen was imaged with an IR camera (FLIR, 
Model SC620). Fluid temperature was measured by placing a 254 µm diameter type T thermocouple 
(Omega Engineering, Model TMQSS-010U) into the vascular network sealed with epoxy (3M, model 
DP100NS). This thermocouple was small enough to avoid blocking liquid flow. Thermocouple data was 
Sacrificial(network(bonded( to(alumina
A(glass(fiber(composite(is(bonded( to(
alumina(and(network(using( epoxy(adhesive
Sacrificial(network(is(removed(by(VaSC
1
2
3
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collected using thermocouple readers (Phidgets, Model 1048) and recorded using a custom LabVIEW 
code (National Instruments) at 1 Hz.  
Water was stored in a flexible reservoir (Figure 6.6b) similar to an IV bag used in the medical 
industry. This was created by sealing a 14 g syringe needle (McMaster-Carr, part #75165A671) in a 7.5 
cm x 10 cm polyethylene bag (McMaster-Carr, part #1928T65) using hot melt adhesive (McMaster-Carr, 
part #7518A56). The bag was then filled with boiling deionized water, briefly cooled in a bath of room 
temperature water, briefly sonicated to remove bubbles from pouring, heat-sealed, then further cooled to 
room temperature. Filling with boiling water removed dissolved gas. Using a flexible bag prevented air 
from returning into solution while also preventing a vacuum from forming in the reservoir as water was 
removed for cooling. The reservoir was connected to the specimen using flexible tubing (McMaster-Carr, 
Part #1883T4) of diameter 𝐷!!. A section of the tubing was inserted approximately 1 mm into the inlet of 
the vascular network by drilling out the end of the channel. The connection was then sealed with epoxy 
adhesive (3M, model DP100NS). The length and diameter of the tubing and height between the specimen 
and the reservoir was recorded during testing. The mass of the reservoir was recorded using a cantilevered 
single-point load cell (Phidgets, model 3139_0, 100g capacity, ±50 mg precision) excited by a 
Wheatstone bridge (Phidgets, model 1046_0) and data recorded using a custom LabView code (National 
Instruments). 
Filling the specimen prior to testing required special care to remove all of the air between the reservoir 
and the surface of the microporous layer. The setup for this procedure is described in Figure 6.7. The 
tubing used for this setup (McMaster-Carr, Part #1883T5, diameter = 1.58 mm) was significantly larger in 
diameter than the tubing connected to the specimen and its length was not accounted for in the 
measurement of L because the pressure drop was negligible. An example filling procedure is as follows. 
First, valve 1 was opened and the section of tubing between the valve and the reservoir was filled with 
water by squeezing on the reservoir. Then, valve 1 was closed and valve 2 was opened. The specimen was 
place in a container filled with recently boiling water and water was drawn into the tubing using the 
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syringe, pulling out air bubbles in the process. Once no more air was removed, valve 2 was closed and 
valve 1 was opened, making the specimen ready for testing.  
 
Figure 6.5: Schematic of the autonomic cooling test setup. Heat is applied by a radiative heater to the microporous 
layer. Water is drawn into the internal vasculature from the reservoir through an external channel of length, L, and 
with a height, H, from the microporous layer to the top of the reservoir. The mass change of the reservoir is 
measured by a scale. An IR camera measures the temperature of the non-heated face and thermocouples placed in 
the vascular network measure the water temperature. 
 
Figure 6.6: Photographs of the testing setup. a) Photograph of the specimen ready to be tested. b) Photograph of the 
water reservoir. 
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Figure 6.7: Schematic of the setup used for filling the specimen with water from the reservoir. The goal was to draw 
all of the air into the syringe, leaving only water between the reservoir and the specimen. Thicker blue lines 
designate the large diameter tubing not accounted for in the measurement of L, while the thinner blue line designates 
the section of tubing recorded for L. 
6.4.2. Test Procedure and Data Analysis  
 During a typical test, the system was charged with water and then the heater was set to a constant 
heat flux. The IR temperature profile, the fluid temperature, the absorbed heat flux, and the mass flow rate 
were recorded. Figure 6.8 shows a typical temperature profile recorded during a cooling test with the IR 
camera. The maximum temperature from the IR camera was chosen as the representative temperature 
when a single temperature value was required. The maximum temperature was measured in the region of 
interest marked in the figure. Using the reservoir mass data recorded by the thermocouple, the cooled heat 
flux was calculated as 
 
 
 
𝑞!" = 𝑑𝑚𝑑𝑡 ℎ! 𝐴! (32) 
 
where 𝑚 is the mass of the reservoir, 𝑡 is time, and 𝐴! is the heated area of the specimen. The heat flux 
absorbed by the alumina-based microporous layer (𝑞!!!) was calculated from the heat flux supplied by the 
heater (𝑞!!!) as 
 
 
 
𝑞!!! = 𝜀!𝑞!!! (33) 
where 𝜀! = 0.57 is the emissivity of the alumina layer as estimated based on Appendix A.  
Specimen(
Syringe(
Reservoir(
L(
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Figure 6.8: Typical IR temperature profile during TAC on the specimen shown in Figure 6.2b. The solid box marks 
the edge of the 60 mm x 60 mm specimen, which was used as the region of interest for analysis. The dashed line 
marks the location of the vascular channel, measuring 500 µm thick and 2000 µm wide. The arrow marks the inlet. 
The star designates the location of the thermocouple, 15 mm from the sample edge within the vascular channel. 
 Conditions leading to overheat were evaluated using a time-to-failure type test, similar to the 
procedure used in Chapter 5. The time-to-overheat was measured as the time between start of fluid flow 
and a sudden flat line in the reservoir mass vs. time data (!"!" = 0).  
6.4.3. Characterization of the Neat Epoxy  
DMA was conducted according to the procedure described in section 2.3.2 to measure the Tg of the 
epoxy. The temperature was ramped from 25-200 °C.  
6.4.4. Prediction of Heat Flux at Overheat 
A simple model was developed based on Equations (21)-(27) to predict the absorbed heat flux at 
overheat as a function of system design. An example Matlab code for this model is given in Appendix B. 
The model determines the absorbed heat flux when 𝛥𝑃!"# = 𝛥𝑃!"#$#%; the minimum condition for Mode 1 
overheat. Table 6.2 summarizes the properties used. Properties of the porous network were taken from 
Table 6.1. The model was developed for a specimen measuring 60 mm x 60 mm containing a single 
channel going down the middle (this is the most common geometry tested). 
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Table 6.2: Summary of properties used for predicting the conditions for violating Mode 1. Water properties were 
evaluated based on their temperature in the TAC system. For example, water in the external channel remained at 
room temperature, while water at the evaporating surface was near 100 °C. 
Property Value 
Water Properties 𝛾 58 mN/m at 100 °C 𝜇 1.04 mPa s at 20 °C 𝜌 998 kg/m3 at 20 °C ℎ! 2260 kg/m3 
External Channel Properties 𝐿!! as per experiment 𝐷!! as per experiment ℎ as per experiment 
Porous Layer Properties 𝐾! taken from Table 6.1 as per experiment 𝐴! 4 mm by 60 mm 𝐿! estimated as 4 mm 𝑃!"# taken from Table 6.1 as per experiment 
  
Due to the three-dimensional nature of the water flow in the porous sheet, a perfect one-dimensional 
representation of the distance the water flows through the pores is difficult to determine. Instead, 𝐿! was 
estimated as 4 mm, or twice the thickness of the porous sheet. However, in most cases the prediction was 
insensitive to 𝐿!, and Δ𝑃! as a result, as is discussed in 6.5.5. 
6.5. Results and Discussion 
6.5.1. DMA Test Results 
 DMA testing of the PMC matrix (Huntsman 8605) revealed a gradual reduction in storage modulus 
below the Tg of 140 °C followed by a drop of almost two orders of magnitude above Tg. The shape of E’, 
E”, and tan(δ) were similar to those seen in Figure 3.4. The peak in tan(δ) was 148 °C. Results for testing 
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of the adhesive epoxy (EPON 828/834 and EPIKURE 3300) reveal similar behavior with a Tg of 148 °C 
and peak in tan(δ) of 154 °C. 
6.5.2. Autonomic and Adaptable Operation 
 The key feature of the TAC system is the functionality to autonomically adapt to changing heat loads. 
Figure 6.9 demonstrates the ability of the system to self-start and self-stop upon a heating source being 
turned on and off, respectively. When the specimen is exposed to heat, fluid begins to evaporate from the 
surface, cooling the specimen. Then, when the heat is removed, the flow rate reduces back to zero as the 
specimen temperature reduces. 
In addition to self-starting and stopping, the system can adapt to changing heat loads by autonomically 
adjusting the evaporation rate. Figure 6.10 shows that as the heat flux applied to the specimen increases, 
the evaporation rate, and therefore the cooled heat flux, increases proportionally. The temperature of the 
specimen increased with increased absorbed heat flux as well, but non-linearly. The cooled heat flux 
reduces back to its original level when the absorbed heat flux is reduced from 17.5 to 5.6 kW/m2.  
 
Figure 6.9: Self-starting and self-stopping functionality for the TAC system. Flow starts as heat is applied and stops 
when no heat is applied without any intervention. Sample measured 60 mm x 60 mm and contained a single straight 
channel in the center of the specimen measuring 500 µm high by 2000 µm wide (Figure 6.2b). H = 5 cm, L = 12.5 
cm, 𝐷𝑐ℎ= 508 µm, average pore size = 1.1 µm, and q!!! = 11.4 kW/m2 and q!!!  = 9.42 kW/m2.  
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Figure 6.10: Adaptability of the TAC system to changing absorbed heat flux. Max IR temperature is shown as a 
black solid line and the fluid evaporated as a dashed green line. Sample measured 60 mm x 60 mm and contained a 
single straight channel in the center of the specimen measuring 500 µm high by 2000 µm wide (Figure 6.2b). H = 5 
cm, L = 12.5 cm, 𝐷𝑐ℎ= 508 µm, and average pore size = 1.1 µm. 
 
Similar adaptability is observed when changing the area being heated. Figure 6.11 shows that when 
only a small area of the sample is heated, the evaporation rate of the fluid is greatly reduced. In contrast, 
fluid is pumped through all of the channels during traditional active cooling regardless of whether the 
entire specimen is heated or not. of 
 A useful feature of the TAC system is the ability to hook up multiple specimens to a single reservoir. 
This is advantageous for large systems requiring cooling in several distinct regions; for example, an 
aircraft with two wings. Figure 6.12 shows the operation of the TAC system when multiple specimens are 
connected to a single reservoir. At first, only one specimen is heated and the fluid evaporation rate is low. 
As two then three specimens are heated the flow rate increases proportionally to the added area. When 
heat is removed from two specimens so that only one is heated, the flow rate returns back to its original 
level. 
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Figure 6.11: The effect of localized heating on a TAC specimen as illustrated by a) IR images taken at progressively 
increasing time and b) fluid evaporation as a function of time. In (i), the entire specimen is heated. In (ii)-(iv) only a 
small area marked by the circle is heated by masking off the rest of the specimen. In (v)-(viii) the area of heating is 
moved. Then, in (viii)-(ix) the entire specimen is heated again. Sample measured 60 mm x 60 mm and contained a 
single straight channel in the center of the specimen measuring 500 µm high by 2000 µm wide (Figure 6.2b).  H = 5 
cm, L = 12.5 cm, 𝐷𝑐ℎ= 508 µm, average pore size = 1.1 µm, and 𝑞!!! = 8.50 kW/m2 in (i) and (ix). 
 
Figure 6.12: Operation of multiple TAC specimens drawing from the same reservoir. IR images on the top of the 
plot show a schematic of the specimens, with a varying number of specimens being heated. Dashed lines mark the 
transitions from 1 to 2 to 3 then to 1 heated specimens. Values in the box correspond to the total cooled heat flux for 
all heated samples (i.e. only the area of the heated samples is considered). Samples measured 30 mm x 30 mm and 
contained a single straight channel in the center of the specimen measuring 500 µm high by 2000 µm wide. The 
channels and corresponding inlets are marked by dashed lines and arrows on the first set of IR images, respectively. 
H = 5 cm, L = 12.5 cm, 𝐷!!=508 µm, average pore size = 1.1 µm, and 𝑞!!! = 11.4 kW/m2. 
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6.5.3. Cooling Performance 
The effect of the TAC system on the temperature of a PMC is revealed in Figure 6.13 and Figure 6.14. 
Figure 6.13a compares the transient temperature response of the TAC sample under constant heat flux to 
a non-cooled control sample. At 𝑞!!! = 20.6 kW/m2, the temperature of the control sample exceeds the Tg 
of the PMC after just 3 minutes. In contrast, the TAC sample remains well below Tg even at steady state. 
While cooling under a constant heat flux, the TAC system evaporates water at a constant rate. The IR 
images in Figure 6.13b compare the temperature field of the two samples. The control sample is hottest in 
the center and cooler towards the edges as a result of heat lost to the environment, non-uniformity of the 
heater, and the clamping fixture. The TAC sample is coolest near the vascular channel, presumably as a 
result of convective cooling provided by the inflow of water. 
 
 
Figure 6.13: Transient cooling performance of a TAC specimen compared to a non-cooled, control specimen. a) 
Maximum IR temperature for control and TAC specimens and fluid evaporated by the TAC specimen as a function 
of time. b) IR temperature profiles for the same samples at various times. Sample measured 60 mm x 60 mm and 
contained a single straight channel in the center of the specimen measuring 500 µm high by 2000 µm wide (Figure 
6.2b). H = 5 cm, L = 12.5 cm, 𝐷𝑐ℎ=508 µm, average pore size = 1.1 µm, 𝑞!!! = 20.6 kW/m2, and 𝑞!!!  = 17.3 kW/m2. 
 Figure 6.14a compares the maximum temperature at steady state for the control and TAC samples as a 
function of heat flux. The temperature of the control sample increases fairly linearly and reaches 240 °C 
under 𝑞!!! = 17.5 kW/m2; a temperature well above the Tg and nearing the point of thermal degradation of 
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typical epoxy. The temperature of the TAC initially increases quickly with increasing heat flux but then 
increases only gradually at higher heat fluxes. At 𝑞!!! = 30.2 kW/m2, the maximum temperature was only 
91.3 °C. Figure 6.14b shows the fluid temperature and cooled heat flux as a function of supplied heat 
flux. The fluid temperature shows similar behavior to the PMC surface temperature, increasing quickly at 
low heat fluxes then more gradually at higher heat flux. The fluid temperature was 96 °C at 𝑞!!! = 30.2 
kW/m2. Based on Equation (29), 𝑇!"# = 95.9 °C under these testing parameters. Overheat occurred when 
the heat flux was increased beyond 𝑞!!! = 30.2 kW/m2, indicating that operation condition 2 (Equation 
(28)) was likely violated. More discussion regarding operation conditions is found in section 6.5.4. The 
cooled heat flux increases nearly linearly with incident heat flux.  
 
Figure 6.14: Steady state cooling performance of the TAC specimen compared to a control specimen. a) Maximum 
IR temperature at steady state as a function of supplied heat flux for control and cooled specimens. b) Fluid 
temperature 15 mm from end of channel and cooled heat flux as a function of supplied heat flux. Samples measured 
60 mm x 60 mm and contained a single straight channel in the center of the specimen measuring 500 µm high by 
2000 µm wide (Figure 6.2b). H = 5 cm, L = 12.5 cm, 𝐷𝑐ℎ= 508 µm, and average pore size = 1.1 µm. 
6.5.4. Operational Window 
 The TAC system is effective at autonomically reducing the temperature of a PMC. However, it cannot 
operate under all conditions. Mode 1 (Equation ((27)) and 2 (Equation (28)) establish the basis of the 
operational window under which overheat will not occur.  
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 Figure 6.15a shows the time-to-overheat as a function of pore size. Pore size effects the both Δ𝑃!"#  
and Δ𝑃!"#$#% (through Δ𝑃!) in Mode 1. Average pore sizes of 1.1 µm, 8.2 µm, and 21.6 µm did not 
overheat within the one hour test window when the absorbed heat flux was sufficiently low, and failed 
progressively  faster  as  the  heat  flux  was  increased. This behavior  signals  that  overheat  is  a  time- 
dependent process and a time-to-failure type test is the appropriate procedure. When the average pore size 
was increased to 91.8 µm, the system was unable to operate for more than a few minutes even at the 
lowest possible absorbed heat flux. Figure 6.15b shows the threshold absorbed heat flux for overheat as a 
function of average pore size together with the predictions discussed in section 6.4.4. Also included is the 
fluid temperature relative to the saturation temperature at overheat. The experimental behavior shows a 
similar trend to the behavior predicted by the model. Pore sizes = 8.2 µm, 21.6 µm and 91.3 µm 
predictions aligned well with the bottom of the experimental bounds, suggesting that failure occurred in  
 
 
Figure 6.15: Maximum operation conditions as a function of average pore diameter. a) Time-to-overheat as a 
function of absorbed heat flux. Tests were conducted to a maximum of 3600 s (1 h), afterwhich, tests were 
designated “did not overheat.” b) (Left Axis) Experimentally determined bounds (black) and predicted (green) 
maximum absorbed heat flux at overheat. (Right Axis) Difference between fluid temperature and saturation 
temperature (blue). Bounds are established by the maximum heat flux underwhich overheat did not occur and the 
minimum heat flux where overheat did occur. Samples measured 60 mm x 60 mm and contained a single straight 
channel in the center of the specimen measuring 500 µm high by 2000 µm wide (Figure 6.2b). Fluid temperature 
was measured 15 mm from end of channel. H = 10 cm, L = 50 cm, 𝐷𝑐ℎ= 508 µm. 
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these tests by Mode 1. In addition, the fluid temperature was at least 10 °C from the saturation 
temperature in these cases. However, the model over predicts the sustainable heat flux for 1.1 µm average 
pore size. In this case, the fluid temperature was significantly closer to saturation temperature, only 1.6-
3.6 °C below. This signals that failure likely occurred by Mode 2.  
 Figure 6.16a shows the time-to-overheat as a function of height between the pores and the reservoir 
(H). Again, overheat did not occur in under one hour below a certain threshold heat flux and occurred 
rapidly above. Figure 6.16b shows the threshold heat flux at overheat as a function of average pore size 
together with the Mode 1 predictions and relative fluid temperature. Both the experimental data and 
predictions show a linear decrease in heat flux at overheat as height is increased. The prediction estimates 
a slightly higher performance than was experimentally observed, particularly at the lower heights. This is 
likely due to the simplicity of the model not being able to perfectly capture the pressure state in the 
specimen. In particular, the estimations of capillary pressure for water and the estimation of pressure drop 
through the pores may have affected the predictions. Alternatively, the discrepancy could be caused by 
inaccuracy in the estimate of 𝜀!. The fluid temperature at overheat is approximately 10 °C below the 
saturation temperature for all tests and is fairly constant as a function of height, making it unlikely that 
overheat occurred by Mode 2. The good correlation between the prediction and experimental data suggest 
overheat occurred by Mode 1. 
Figure 6.17 shows test results as a function of external channel length (L). The model predicts a 
dramatic, non-linear drop in heat flux at overheat as a function of increased length. At L = 12.5 cm, the 
model predicts a maximum absorbed heat flux of 161 kW/m2 as a result of very small pressure losses in 
the external channel. At L = 12.5 cm, 50 cm, 100 cm, and 200 cm, the pressure drop through the external 
channel accounts for 52%, 79%, 87%, and 91%, respectively, of 𝛥𝑃!"#$#% at overheat. However, these 
massive performances are not experimentally realized, and the maximum heat flux at overheat plateaus at  
24.1-27.5 kW/m2. This plateau occurs as a result of Mode 2 since the fluid temperature is within just a 
few degrees of the saturation temperature at both L = 12.5 cm and L = 50 cm. At L = 100 cm and 200 cm, 
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overheat likely occurred by Mode 1, since the fluid temperature is lower and the pressure predictions 
align better with the data. 
 
Figure 6.16: Maximum operation conditions as a function of height (H). a) Time-to-overheat as a function of 
absorbed heat flux. b) (Left Axis) Experimentally determined bounds (black) and predicted (green) maximum 
absorbed heat flux at overheat. (Right Axis) Difference between fluid temperature and saturation temperature (blue). 
Samples measured 60 mm x 60 mm and contained a single straight channel in the center of the specimen measuring 
500 µm high by 2000 µm wide (Figure 6.2b). Fluid temperature was measured 15 mm from end of channel. L = 100 
cm, 𝐷𝑐ℎ= 508 µm, and average pore size = 1.1 µm. 
 
Figure 6.17: Maximum operation conditions as a function of length (L). a) Time-to-overheat as a function of 
absorbed heat flux. b) (Left Axis) Experimentally determined bounds (black) and predicted (green) maximum 
absorbed heat flux at overheat. The prediction for L = 12.5 cm was equal to 161 kW/m2. (Right Axis) Difference 
between fluid temperature and saturation temperature (blue). Samples measured 60 mm x 60 mm and contained a 
single straight channel in the center of the specimen measuring 500 µm high by 2000 µm wide (Figure 6.2b). Fluid 
temperature was measured 15 mm from end of channel. H = 10 cm, 𝐷𝑐ℎ= 508 µm, and average pore size = 1.1 µm. 
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6.5.5. Effect of Branched Venation 
Performance of the system is optimized by increasing the capillary pressure and decreasing the flow 
resistance in cases where overheat occurs by Mode 1, i.e. pressure driven overheat. Capillary pressure 
(∆𝑃!"#) can only be increased by decreasing the pore diameter. The pressure resistance, in contrast, is 
composed of the sum of the pressure losses due to gravity and from flow through the external channel and 
the specimen. Large pore diameters reduce the pressure drop through the specimen (∆𝑃!) by increasing 
the permeability of the porous layer. Therefore, there is a competition between ∆𝑃!"# and ∆𝑃! due to the 
permeability of the porous layer when trying to optimize the performance of the system. Figure 6.18a 
shows the heat flux at overheat predicted by Mode 1 as a function of pore size. There exists an optimal 
pore size that best balances ∆𝑃!"# and ∆𝑃!. The value of this pore size varies with the length that the 
liquid must travel through the porous network. This distance assumes one dimensional flow, and is not a 
perfect representation of the three dimensional flow through the pores present in a real system. Figure 
6.18b shows that the ∆𝑃! contributes the most to the pressure drop at small pore sizes (ca. 1-100 nm) and 
very little at large pore sizes (>1 µm). 
Rather than increase the pore size, we could instead create a branching network of vascular channels 
over the surface of the microporous layer to reduce ∆𝑃!. This approach is again inspired by trees. 
According to Sack and Scoffoni [107], leaves contain highly dense, hierarchical venation to increase the 
hydraulic conductance of the leaf (i.e. flow rate across the leaf divided by the driving force), making it 
easier to disperse water throughout the leaf. This is achieved by maximizing the distance the water travels 
through the xylem and minimizing the distance it flows through the less permeable leaf tissue. Integrating 
branching vascular channels into the synthetic system increases the hydraulic conductance similarly, 
decreasing ∆𝑃!.  
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Figure 6.18: Predicted performance of the TAC system as a function of pore size. For simplicity, we assume the 
pore size is uniform. a) absorbed heat flux at overheat predicted by Mode 1. The blue region shows the heat flux 
where overheat was experimentally observed to occur by Mode 2. Fluid temperature was experimentally observed to 
only depend on heat flux and not on resistance pressure. Predictions are given for three values of porous layer length 
(𝐿!), effectively modulating the relative magnitude of ∆𝑃!. b) Normalized pressure contribution for the three 
components of ∆𝑃!"#$#% for a porous layer length of 2 µm. Plots for porous layer lengths of 30 µm and 300 µm have 
the same shape but are shifted to the right. Predictions for L = 50 cm, H = 10 cm, and 𝐷!!=508µm,.  
The performance of a specimen containing a branching network to deliver fluid across the porous 
network is compared to a specimen containing just a single channel down the center in Figure 6.19. 
Surprisingly, the time-to-overheat was lower at each value of absorbed heat flux for the branched 
specimen compared to the single channel specimen. Since ∆𝑃! is lower for the branched sample it is 
unlikely that overheat occurred by Mode 1. In addition, the fluid temperature both near the center and 
near the right edge of the sample was significantly below the saturation temperature (approximately 95 
°C). This suggests that overheat did not occur solely based on Mode 2 either. However, based on the IR 
plots, it is possible that the thermocouples did not capture the maximum fluid temperature, which was 
likely the highest at the edge of the sample. 
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Figure 6.19: Maximum operating conditions compared for a specimen containing a single, straight channel and one 
containing a branched network. a) Time-to-overheat as a function of absorbed heat flux compared for the branched 
and single channel specimens. b) Fluid temperature as a function of absorbed heat flux at two locations in the 
branched specimen and one in the single channel specimen (TC stands for thermocouple). IR plots show the location 
of the channels in each specimen as dashed lines and the thermocouple tip locations as stars. 
Figure 6.20 and Figure 6.21 show the progression of air infiltration into the branched and single 
channel specimen, respectively, during a test. Initially, air is not visible in the channel in either specimen. 
In the branched specimen, air progressively infiltrates into the side branches and extends towards the inlet 
until overheat occurs. This behavior was observed for all tests on the branched channel specimen. In the 
straight channel specimen, air appears to infiltrate into the very end of the channel but does not grow 
beyond that point and never reaches the inlet. Overheat did not occur during this test. However, similar 
behavior as observed in Figure 6.20 was seen for the single channel when overheat did occur.  
The cause of overheat in the branched channel specimen is unclear, since the data does not clearly 
indicate overheat by either Mode 1 or 2. However, it appears likely that the temperature at the edge of the 
sample may be higher, causing overheat by Mode 2. Further investigation is required to determine 
whether the branched specimen is indeed inferior in performance or whether the performance drop is an 
artifact of the test method, such as uneven heating, or some other unforeseen factor. Either way, the 
predictions discussed in Figure 6.18 show that the pore size is likely not small enough or the specimen 
size is not large enough to see a significant positive effect from the branched channels. 
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Figure 6.20: Images of the composite side of a specimen containing a branched network at various times while 
heated at 𝑞!!! = 14.6 kW/m2. Overheat occurred at time = 26 minutes. Sections filled with air appear to contain 
bubbles, which are actually small droplets of water. Sections containing water appear even and translucent. 
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Figure 6.21: Images of the composite side of a specimen containing a single channel at various times while heated at 𝑞!!! = 24.1 kW/m2. Note that only the central channel is connected to the reservoir. Overheat did not occur. Sections 
filled with air appear to contain bubbles, which are actually small droplets of water. Sections containing water 
appear even and translucent. 
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6.6. Summary and Conclusions 
A new method for autonomic cooling of PMCs was developed based on inspiration provided by 
transpiration in plants, termed Transpirational Autonomic Cooling (TAC). This method uses evaporative 
cooling for thermal regulation and capillary pumping to replenish water on demand. The theoretical 
operation principles of the system were discussed. Experiments demonstrated that the system effectively 
reduces temperature in a PMC compared to without cooling. The system autonomically starts, stops, and 
adapts to changing thermal conditions, including localized heating, by modulating the flow rate based on 
the heat absorbed. Multiple TAC systems can be hooked up to the same reservoir and operate 
independently. The operational window for the TAC system was evaluated as a function of average pore 
size, the height between the reservoir and pores, and the length of the external channel. Experimental 
results for absorbed heat flux at overheat were compared to values predicted by comparing the flow 
resistance to the capillary pressure (overheat Mode 1). In most cases, overheat could be attributed to one 
of the two overheat modes.  
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Chapter 7. Conclusions and future work 
7.1. Conclusions 
 This dissertation examined several aspects of thermal regulation in PMCs, including the effect of 
vascular networks on mechanical properties, active cooling performance and its effect on 
thermomechanical performance, and the development of a new autonomic method for thermal regulation. 
In all studies, vascular networks were manufactured by the VaSC method.  
The influence of vascular networks on mechanical performance of a 3D orthogonally woven PMC was 
studied. Tensile properties and damage evolution were evaluated for PMCs containing wave-shaped or 
straight channels oriented transverse or longitudinal to the direction of loading. Control samples subjected 
to the 200 °C thermal treatment required for VaSC showed no differences from samples cured using only 
the standard cure cycle. Tensile properties were unaltered for straight channels in either orientation 
compared to control samples. However, the inclusion of wave-shaped channels resulted in modest 
decreases in tensile performance, particularly when the channels were transversely oriented. Differences 
in behavior were attributed to the large misalignment of the structural glass fibers for wave channels (11-
17°) compared to none observable in those containing straight channels. This conclusion was supported 
by the damage patterns observed by optical microscopy and transmitting light photography in the PMCs 
after testing to pre-failure loads. 
Active cooling under extreme heat fluxes using a bi-layer SMA-PMC hybrid composite was evaluated. 
Tests were conducted with varying numbers of channels in the SMA layer as well as with and without 
cooling in the PMC layer. Results showed that temperatures in the PMC were maintained below Tg at heat 
fluxes as high as 300 kW/m2 with just cooling in the SMA alone, provided the coolant was dispersed 
through enough channels. However, the temperature of the PMC was reduced even further when some of 
the coolant was directed through channels in the PMC. Tests showed that increased coolant flow rate 
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increased cooling performance, increasing heat removal and reducing temperature. Water was a better 
coolant than polyalphaolefin oil due to water’s higher specific heat capacity and thermal conductivity. 
Thermomechanical testing of actively cooled PMCs demonstrated tremendous benefit to structural 
performance under thermal loading. Two types of tests were conducted. First, PMCs were tested in 
flexure inside of an elevated temperature environmental chamber. Actively cooled PMCs retained up to 
90% flexural modulus in environments as hot as 325 °C compared to complete structural degradation of 
non-cooled PMCs at the same temperature. Performance improved with increased coolant flow rate and 
by placing channels near the PMC’s outer surfaces. Computational modeling showed that when channels 
were placed near the surface, the internal temperature was reduced compared to when channels were only 
placed at the mid-plane. Experiments confirmed this observation. Next, actively cooled and non-cooled 
PMCs were tested under sustained compression and one-sided heating to compare time-to-failure. 
Actively cooled PMCs were able to survive up to 30 minutes under 200 MPa (room temperature strength 
= ca. 800 MPa) and 60 kW/m2 of heat flux, while non-cooled PMCs failed in only 1 minute under the 
same load. The heat flux had to be reduced below 10 kW/m2 before the non-cooled PMCs were able to 
survive for 30 minutes. Survivability was again improved by increasing flow rate as well as by dispersing 
the coolant through more channels. Time-to-failure decreased with increased heat flux and compressive 
loading. Overall, testing results showed that channel architecture and coolant flow rate have a large effect 
on thermomechanical performance when active cooling. Decreasing temperature provides real benefits to 
structural performance under thermal loading, potentially negating any deleterious effects of the vascular 
network on mechanical performance that have been observed at room temperature.  
A method for autonomic cooling of PMCs was developed inspired by transpiration in plants. In this 
method, heat is removed by evaporation of water from a microporous layer on the surface of the PMC 
while the coolant is replenished by capillary action from an externally located reservoir. Experiments 
demonstrated the system is effective at reducing temperature in the PMC, it autonomically adapts to 
changing thermal loadings including self-starting and self-stopping, and it is able to operate when the 
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reservoir is remotely located. Using this system, the temperature in a PMC is maintained below 100 °C at 
heat fluxes as high as 25 kW/m2 without any expenditure of energy on cooling. 
7.2. Future Work 
7.2.1. Vascularization and Mechanical Performance 
 Many studies, in addition to the work performed in this thesis, have examined the effect of vascular 
networks on mechanical performance. However, much work still needs to be done. Most studies to date 
have looked at channels in unidirectional prepreg-based materials. Few studies have examined vascular 
networks in woven textile PMCs, either 2D or 3D. However, textile preforms are widely used in the 
automotive, wind energy, and marine industries. Woven textile PMCs differ from those manufactured 
from unidirectional materials in several ways, including lower fiber volume fractions and/or higher fiber 
waviness, in general. The nature of the interaction between channels and the fiber architecture is very 
different in textile based PMCs. For example, in Chapter 3, straight channels were manufactured into the 
3D textile with no observable effect on the glass fiber architecture. In contrast, in Chapter 5, carbon fibers 
were removed (though in very small quantities) in order to accommodate the channels. The ability to 
manufacture a vascular network without disturbing the fiber architecture makes textile PMCs a 
particularly promising candidate for creating vascularized PMCs ready for real world application.  
The first step is to extend studies on mechanical performance of vascular networks beyond tensile 
properties and include compression, shear, impact, and fracture. Models should be developed based on the 
experimental work, allowing the lessons learned to be applied to other structures. Much work is currently 
underway internationally to develop failure theories for PMC materials [108]. Vascularized PMCs must 
be included in this effort before they will be widely regarded as safe for real world application. Some in 
the scientific community currently persist in their fear of vascular PMCs because of their perception of 
channels as “voids,” despite many studies [25,26,42,52,54,72] reporting that vascular networks can be 
designed to have minimal effect on mechanical performance. Further study and the development of 
vascularized PMC failure theories will ease these concerns.  
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In parallel with these studies, new methods for manufacturing complex vascular networks need to be 
developed to fully realize the benefit of vascular networks on creating multi-functional PMCs. As 
discussed in Chapter 1, the beauty of using vascular networks for multifunctionality is the ability to 
change function by changing the fluid. However, in order to use a vascular network for two or more 
functions, the network must be simultaneously optimized for each function. For example, active cooling 
requires channels near the surface and away from areas of high stress, while self-healing requires 
channels that intersect with the areas of damage. Using a single vascular network for multiple functions 
will likely require 3D networks containing channels of varying sizes. Potential methods for 
manufacturing these next generation vascular networks in high fiber volume fraction materials include 3D 
printing and in-situ bonding of sacrificial fibers integrated into textiles.  
7.2.2. Active Cooling  
 In its current state, the active cooling approach is nearly ready for real world application in non-critical 
systems. The experiments discussed in this thesis demonstrate that active cooling increases stiffness and 
survivability of PMCs under thermomechanical loading. Non-primary structural systems in aircraft and 
automobiles, such as support for electronics or in exhaust systems, would benefit from the heat removal 
and low density provided by actively cooled PMCs. The next step towards commercialization of the 
active cooling concept is to improve manufacture of the vascular network. Application in primary load 
bearing structures should wait until improved failure theories for vascular PMCs, particularly at elevated 
temperatures, are developed.  
A common concern for actively cooled PMCs is the long-term effect of circulating a high temperature 
fluid through the channels. In particular, many are afraid of reduced Tg and hygrothermal cracking. 
However, in contrast to most wet environments that PMCs may encounter, the wet region is contained in 
small channels within the PMC and the external surfaces are dry. Currently it is unknown how the 
moisture content will vary through the PMC when subjected to this type of environment. Certain coolants 
may work better than others in this regard. Another possible solution is to line the channels with a low 
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permeability material, such as the metal tubes in some studies [42], to reduce the rate of moisture uptake. 
This would require developing methods for coating sacrificial fibers with these materials if the VaSC 
method is used. 
 Another concern regarding active cooling systems is the effect of damage or blockages on thermal 
regulation. All of the active cooling studies in this thesis use non-branched channels that are easily 
blocked, stopping cooling in the area serviced by the channel. Redundant networks, such as those found 
in most modern leaves, would allow coolant to circumvent the blockage. The primary challenge to using 
redundant networks is their manufacture. While the VaSC method has been used to create branched 
networks [33], manufacturing these networks into high fiber volume fraction materials is still a challenge, 
as previously mentioned. 
7.2.3. Transpirational Autonomic Cooling 
 Transpiration autonomic cooling is a new and highly promising approach to thermal regulation in 
PMCs. However, it still requires significant development before seeing real world application. Chapter 6 
outlines a simple model for the system’s operation. More detailed modeling is required to fully 
understand the operation of the system, including the transient response of the system during changing 
thermal loading, the effect of vascular network design on maximum performance, and the conditions 
under which the system can no longer operate. Changes to the system design to improve operation should 
be guided by this model. This will be particularly important when scaling up the system to cool much 
larger composites. In these cases, branching vascular networks, similar to venation in leaves, will be 
important to maximize performance.  
 In the current form, the TAC system loses water through evaporation even at room temperature 
conditions. In addition, water will syphon out the surface if the reservoir is above the microporous layer. 
These two issues could be addressed by creating a skin layer containing autonomously activated pores 
that open when heat is applied and close when heat is removed. These pores would not need to hold water 
for capillary action but instead would act as a fluid barrier when the system is at room temperature.  
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 The current experiment uses radiative heating because of its repeatable and predictable heat transfer. 
However, radiative heating can often be combated by methods as simple as a reflective surface. Tests 
should be run while convectively or conductively heating the microporous layer. Convection heating 
should be fairly straight-forward. However, cooling conductive heat sources is particularly interesting 
because the pores would be blocked in the area of thermal contact. This would be particularly useful for 
encapsulated electronics. Another interesting configuration is heating the PMC rather than the 
microporous layer. This configuration would allow for conductive heating of the TAC system without the 
danger of blocking pores. The primary danger here is that evaporation may occur on the wrong side of the 
porous network, filling the channels with vapor. The system may still operate at low heat fluxes or for 
short periods of time but it is unclear what would happen at high heat fluxes. When heating the 
microporous layer, the temperature in the PMC is capped at the saturation temperature of the water 
(typically ca. 100 °C). However, the PMC temperature may greatly exceed that when the PMC is heated 
directly. Operation would likely depend heavily on the through-thickness thermal conductivity of the 
PMC.  
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Appendices 
Appendix A – Emissivity of the Microporous Layer 
 The goal of this section is to estimate the emissivity of the microporous layer in the TAC system. To 
simplify the analysis, we will consider the control case, where this is no evaporation. Figure A.1 shows a 
simplified model of the heat transfer, assuming one-dimensional heat flow through the thickness. 
Variables are described in Table A.1. This model assumes that the effective convection coefficient 
accounts for heat lost through conduction with the fixturing as well. The heat supplied to the microporous 
layer is lost to the atmosphere through radiation and convection on the front face and the rest of the heat is 
transferred into the system by conduction. At the back face, the heat conducted through the system is lost 
to the environment through radiation and convection. Using the diagrams in Figure A.1(b) and Figure A.1 
(c), the energy balance at surfaces F and B, respectively, are  
 𝜀!𝑞!!! = 𝑞!"#$,!!! + 𝑞!"#,!!! + 𝑞!"#$!!  (34) 
 𝑞!"#$!! = 𝑞!"#$,!!! + 𝑞!"#,!!! . (35) 
The heat supplied is multiplied by the front face emissivity to account for the heat that is directly 
reflected, since the heat flux supplied was calibrated on a black surface. Substituting the one-dimensional 
equation for heat transfer for each mode, Equation (34) and (35) become 
 𝜀!𝑞!!! = (𝑇! − 𝑇!)𝐿! + 𝐿!𝐾! + 𝐾! + ℎ!"" 𝑇! − 𝑇!+ 𝜀!𝜎 𝑇!! − 𝑇!!  
(36) 
 (𝑇! − 𝑇!)𝐿! + 𝐿!𝐾! + 𝐾! = ℎ!"" 𝑇! − 𝑇! + 𝜀!𝜎 𝑇!! − 𝑇!! . (37) 
In these equations, there are three unknowns: the effective convection coefficient, the front face 
emissivity, and the front surface temperature. To further simplify the equations and eliminate the need to 
measure 𝑇!, we assume that the effective convective coefficient can be used to represent the radiative heat 
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transfer as well. That is, we assume that the heat transferred to the environment varies linearly with the 
temperature of the front and back surfaces. This eliminates the radiation term in each equation. Two 
separate experiments were conducted to solve for the remaining values. In the first experiment, the front 
surface was painted black to set the emissivity. In the second, the front surface was tested as 
manufactured. Using the data from experiment 1, Equations (36) and (37) are solved to find that the 
effective convective coefficient is 23.7 W/m2K. Using this value and the data from experiment 2, the 
emissivity of the front surface is 0.57. 
 
 
Figure A.1: Simplified heat transfer model for the TAC system. a) One dimensional model of the TAC system 
showing the heat transferred at the front (F) and back (B) surfaces. The PMC is shown in orange and the 
microporous layer in grey. b) Schematic representation of the heat transfer at the front surface. c) Schematic 
representation of the heat transfer at the back surface.  
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Table A.1: Variables, their symbol, and their value where applicable used for calculations in this section. 
Variable Symbol Value 
Convective Heat Transfer on 
Back Surface 
𝑞!"#$,!!!  - 
Convective Heat Transfer on 
Front Surface 
𝑞!"#$,!!!  - 
Radiative Heat Transfer on Back 
Surface 
𝑞!"#,!!!  - 
Radiative Heat Transfer on Front 
Surface 
𝑞!"#,!!!  - 
Supplied Heat Flux 𝑞!!! 5 kW/m2 
Conductive Heat Transfer 𝑞!"#$!!  - 
PMC Thermal Conductivity 𝐾!  0.4 W/m.K 
(based on chapter 4  
section 4.3.4.1) 
Microporous Layer Thermal 
Conductivity 
𝐾! 6 W/m.K 
(manufacturer’s data) 
Length of PMC 𝐿!  3 mm 
Length of Microporous Layer 𝐿! 2 mm 
Back Surface Temperature for 
Experiment 1 and 2 
𝑇!,!, 𝑇!,! 111.5 °C, 75.2 °C 
under 𝑞!!! = 5 kW/m2 
Back Surface Temperature 𝑇! Unknown 
Room Temperature 𝑇! 20 °C 
Back Surface Emissivity  𝜀! 0.95 
Front Surface Emissivity for 
Experiment 1 and 2 
𝜀!,!, 𝜀!,! 0.95, Target Value 
Effective Convection Coefficient ℎ!"" Target Value 
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Appendix B – Code for Prediction of Heat Flux at Overheat 
clear all 
close all 
  
heatFlux = []; % initialize 
Q = []; % initialize 
ratioWick = []; % initialize 
ratioVasc = []; % initialize 
ratioGrav = []; % initialize 
  
% Capillary Pressure 
Pcap = [22118, 6692, 2375, 690]; % bubble point, Pa 
DporK = [1.1e-6, 8.2e-6, 21.6e-6, 91.8e-6]; % average pore radius 
DporCap = [7.6e-6, 25.1e-6, 71.3e-6, 244.2e-6]; % bubble point pore radius 
  
% Permeability 
K = 0.4347*DporK.^2; % permeability, m 
  
% Water Properties 
mu = 1.04e-3; % viscosity, Pa.s at 25 ∞C 
gamma = 0.058; % surface tension, N/m at 100 ∞C 
rho = 998; % density, kg/m^3 at 25 ∞C 
Hv = 2260000; % enthalpy of vaporization, J/kg 
  
% Cooling Requirements (Total) 
A = 0.060*0.060; % area = 6 cm x 6 cm, m^2 
  
hold on 
for i=1:length(Pcap) 
  
% Vascular Pressure Loss         
Dvasc = 508e-6; % channel diameter, m 
L = 1; % channel length, m 
Pvasc = (128.*mu./pi) .* (L./(Dvasc.^4)); 
     
% Height Loss 
g = 9.81; % gravitational acceleration, m/s^2 
h = 0.10:0.01:0.80; % height, m 
Pgrav = rho*g*h.*ones(1,length(L)); 
  
% Porous Transport Losses 
Thickness = 0.002; % porous layer thickness, m 
Length = 0.004; % length fluid travels through pores 
Apor = Thickness*0.060; % pore area, m (assume most of flow is through width)  
syms x 
Pwick(i) = (mu.*Length./(K(i).*Apor))./2; 
  
heatFlux = [heatFlux ; ((rho.*Hv./A) .* (Pcap(i) - Pgrav)) ./ (Pvasc + 
Pwick(i))]; 
  
plot(h,heatFlux(i,:)/1000) 
legend('AF6','AF15','AF30','AF90') 
xlim([0,1]) 
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ylabel('Heat Flux [kW/m^2]') 
xlabel('Height [m]') 
set(gca,'FontSize',14); 
  
Q = [Q;heatFlux(i,:).*A./(rho.*Hv)]; 
  
PwickTotal(i,:) = Q(i,:).*Pwick(i); 
PvascTotal = Q(i,:).*Pvasc; 
ratioWick = [ratioWick; PwickTotal(i,:)./Pcap(i)]; 
ratioVasc = [ratioVasc; PvascTotal./Pcap(i)]; 
ratioGrav = [ratioGrav; Pgrav./Pcap(i)]; 
  
end 
  
hold off 
  
figure(2) 
plot(h,ratioWick(1,:),h,ratioVasc(1,:),h,ratioGrav(1,:)) 
legend('Pores','External Channel','Gravity','Capillary Pressure') 
ylabel('Pressure Contribution at Overheat [Pa]') 
xlabel('Length [m]') 
set(gca,'FontSize',14); 
ylim([0 1]) 
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